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Introduction

This project investigated the use of a novel approach to scintimammography (SMM)

~ known aé emission tuned apérmre éomputed tompgfaphy (ETACT). ETACT is based on the
meré general tuned aperture computed tomo gzéphy (TACT®) method used in radiography.
TACT has been successfully applied in dentistry and conventional mammography. In ETACT,
fiducial markers are placed around the object being imaged. A series of pré_% ection images are
acquifed using a standard gamma camera with a pinhole (or other) collimator from any angle énd
at any distance, as long as all of ‘the markers are within the field of view of all projections. The

- data are then reconstructed into a series of tomographic sliées which can easily be done on a PC.
Thus ETACT requires no expensive, dedicated hardware. The beauty of this approach is that, if
successful, this method could be applied in practically every hospital in the US, almost
immediately. The main hypothesis of this project is that the application of ETACT will
significantly increase the diagnostic and prognostic accuracy of SMM, particularly for small,
 nonpalpable lesions, and that this innovative method can be applied in the clinic in a simple,

~ flexible and practical manner. The specific aims of this research are as follows:

- 1. todevelop and utilize a cernputer simulation model of ETACT to determine the
| ‘optimal parameters for its application and to compare it to conventional SMM,
2. to utilize phantom data to further compare ETACT to conventional SMM, both planar
and SPECT, and

3. to design a clinical ETACT prototype system that will then be used in a subsequent

preliminary clinical investigation.

In this report, we will present the results of our simulation and phantom experiments, the
development of an apprcach to merge orthogonal ETACT data sets, and the investigation of the

use of optical rather than radioactive fiducial markers. We will then discuss our development of

a protocol for the clinical implementation of ETACT as well as future directions for this

research.
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Body of the Report
- L ETACT

In ETACT, one or mokrej ﬁdﬁcial markers are placed about the patient's breast. A series of

projection imagés are acquired with a pinhole-collimated, gamma camera. We use pinhole

- collimation for three reasons. First, pinhole collimators are routinely available for most portable,
gamma cameras, niaking this method a straightforward approach that can be applied in
practically any hospital. Secondly, we cé,n take aﬂvantage of the high resolution associated with
‘p'inhole collimation. For a typical pinhole collimator of length 30 cm and pinhole diameter of 4
mm as Weil as an intrinsic spatial resolution of the detector of 3.5 mm, the system spatial
resolution is approximately 5 mm compared to that of planar and SPECT imaging with a high k:

" resolution collimator of appfoximately 7 mm and 10 mm, i'espec{:ively. Special inserts can be
'made that would reduce the pinhole diameter further improving the resolution. Thirdly, the
collimator sensitivity is inversely proportional to the square of the aperture-to-object distance
whereas the sensitivity of a parallel-hole collimator does not vary with collimator-to-object |
distance, thus reducing the contribution to the image of activity in other organs such as the heart
of the liver. '

Consider the technique known as “tomosynthesis” (Grant 1972). In this case, the
detector (e.g., the gamma camera crystal) is always oriented parallel to the tomographic plane of
interest. Several projections are acquired such that all of the aperture (pinhole) locations are
known, coplanar and parallel to the tomographic plane of interest. A series of tomographic
planes can be reconstructed by appropriately shifting the projection data and adding them
together. All reconstructed planes are parallel to the detector plane. Tcmosynthesis has been
shown to be a very simple and effective manner of generating tdmographic data. Howe\}er, it o

~ places many constraints on the acquired projection data and aperture locations for all of the |

projections must be known.

ETACT alleviates these geometric censtrainfs by using the projected locations of a series

- of fiducial markers to obtain knowledge concerning each projection (Fahey 2002, Fahey 2001,
Webber 1997). Consider the case where the detector is still coplanar and parallel to the

tomographic plane of interest, but the actual location is not known. A fiducial marker whose
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location relative to the object is fixed is also imaged within each yro_%ectién. Consider a
reference plane whose location is the same as the aperture-to-detector distance, but whose
location is opposite the detector (see Flgure 3, Fahey 2001. NB: This reference in included in the
Appendlx) If we overlay all of the projections and simply add them, we are reconstructing the

‘reference plane. If we determine the centroid of the proj ected locations of the marker, shift ail of
the data such that projected location of the marker coincides With the centroid and add the data

“together, we would ﬁ'éconstmct the plane that contains the fiducial marker and is parallel to the

“detector plane. If the projections are shifted by half that amount and added, then the plane that is
half way between the marker and the reference plane is reconstructed. In this manner, any
arbitrary plane can be reconstructed. ;

In the present implementation of ETACT, 5 markers are used, four of which are coplanar

~ and one of which is not. The rationale for this choice is presented by Hemler et al. (Hemler
2002. A reprint is included in the appendix). The four coplanar markers are used to transform

- all of the acquired projections such that they appear to all have been acqaired with the aperture in
a common plane. The fifth marker is then used as described above to shift and add the
projections to reconstruct the series of tomographic slices. It also has been demonstfateé that
this approach with the five fiducial markers can be used to reconstruct the data even if the
detector in each projection is not in the same plane. In summary, if we acquire a series of
proj ection’images using a set of 5 fiducial markers (4 coplanar and one out of plane), we can
reconstruct the data into a series of tomographic slices, even if the location of neither the detector
nor the aperture is known. It is also not necesséuy to have the detector inkthﬁ same plane or at the
same distance in each projection. Therefore, ETACT is a simple and flexible method of '

acquiring and processing tomographic data.
II. Development of ETACT Simulation Models

We developed a Computerized, simulation model of the acquisition of ETACT data. The
model currently allows you to define an arbitrary 3D object with a set of markers. The activity
associated with each component can be defined. Once the detector configuration and the object

are defined, the detector can be moved interactively about the object and simulated projections

can be obtained. These data can be subsequently reconstructed with the standard, ETACT




- software. The projections are then blurred and Poisson noise added that are consistent with the

‘spatial resolution and sensitivity, respectively, of the aperture size chosen. We have used this |

simﬁiatien model to evaluate the effect of the aperture size, angular disparity and the number of

: pro;ectwns on contrast and contrast-to-noise.

In order to evaluate the effect of photon attenuation and scatter on the above simulations,

we utilized the MCNP Monte Carlo simulation code to model ETACT. MCNP has been shown

to provide similar kresuits to the EGS4 code. In these simulations, the breast was modeled as a 15

- cm hemisphere and the tumor as a 7.5 mm sphere. The pinhole diameter was 6 mm. The

acquisition geometry consisted of 25 cm pinhole-to-detector distance and a 15 cm pinhole-to-
tumor distance, the same as in the ray-tracing simulations. In these simulations, three cases were

considered: uncollided gamma rays (attenuation but no scatter), total attenuated (attenuation and -

-scatter) and unattenuated. These were compared to evaluate the effects of photon attenuation

and scatter. We have also modified an existing anthropomorphic computer phantom (the Zubal

phantom)' for the evaluation of breast imaging.

" III. Evaluation of Aperture Size, Angular Disparity and Number bf Projections through

Simulation

We modeled the breast as a hemisphere with 15 cm diameter. The tumor was modeled as
a sphere in the center of the breast. We considered 3 fumor sizes (5, 7.5 and 10 mm) and 2
target-to-nontarget (T/NT) ratios (5:1 and 10:1). Five markers (4 coplanar and one out-of-plane)
were placed lateral to the breast. The detector was modeled as a gamma camera with a 50x50
cm ﬁled-of—view. The aperture-to-detector distance was 25 cm. The aperture-to-object

distance of approximately 15 cm was chosen such that the object, including the markers, took up

~ the majority of the field of view. 'Using our projection simulator, we constructed 7 noiseless

projections for each aperture size. We investigated 6 aperture diameters (1,2,3,4,5 6 mm) and 3
angular disparities between the projections: +/- 10, 15 and 20 degrees. Based on the calcuiated

system spatial resolution of each pinhole, the projection data were blurred with a gaussian kernel.

Based on the sensitivity of each pinhole size, Poisson noise was added to each pixel. These data

were then reconstructed using the standard TACT reconstruction software.




To evaluate these data, the slice through the middle of the tumor was visually selected
and a region of interest (R()I) was drawn about the tumor and the maximum pixel value (Max) in
the ROI was déténnined. A similar sized and shaped ROI was placed lateral to the tumor to
~ evaluate the baékgreﬁnd aétivity. The mean pixel value (BKG) and the standard deviation |
- (SDgkg) in fhe background ROI were determined. The contrasf (C) was calculated using the
formula ‘

C = Max - BKG
BKG

A detectability index referred to as the contrast-to-noise ratio (CNR) was calculated by

CNR = C
(SDBKG/BKG)

The results of this investigation are summarized in the Tables 2 and 3 of (Fahey 2001). As the
aperture size is reduced, the contrast improves. This is expected due to the improved resolution
and the subsequent reduction in the partial volume effect. However, the sensitivity decreases
Wlth reduced aperture size leading to fewer photons being acquired and thus a noisier image.
Therefore, a 3 mm aperture is optimum with respect to the CNR although not substantially beﬁer '

’ | than the 4 mm aperture. ’

‘ The results of the angular disparity study are shown in Figures 2 and 3 as well as Table 1
of (Fahey 2002. This reference is included in the appendix). The contrast increases slightly with
deéreasing angular disparity. However, smaller angular disparity yields poorer axial spatial
résalution. For example, no angular disparity yields a simple planar image without any axial
resolution. From these results, a 15 degree angular disparity is determined to be a reasonable
choice. Increasing the number of projections without increasing the total number of counts was
shown to lead to an increase in contrast. If one knew the best, single projection to acquire, it -

may have higher contrast than ETACT, but one does not know the best projection, a priori.

Thus, ETACT typically provides higher contrast than planar imaging. With more projections,
there will be more set-up time extending the length of the study. Therefore, 6 or 7 projections

are a reasonable number for the clinical implementation of ETACT.
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IV. Monte Carlo Simulation Results

- The results of the Monte Carlo simulation are shown in Figure 1 (see Appendix). This
figure shows pfoﬁ!es of the counts through the tumor and breast for the three cases: uncollided,

attenuated and no attenuation. The “no attenuation” case corresponds to the case used in the ray-

tracing simulations. As shown in the figure, the three profiles are very similar except for the

scale resulting from photon attenuation. The contrast for these cases is very similar. This study

validates the conclusions drawn from the ray-tracing simulations.
V. Biorthogonal Imaging

All methods based on tomosynthesis yield poor resolution and streak artifacts in the |
dlrechon orthogonal to the tomographic planes. We investigated whether combining the data

~ from two orthogonal TACT data sets would minimize these artifacts (Webber 2001). This study

was performed on transmission, mammographic data. A frozen autopsy breast sample was

‘placed in a 35 mm cardboard box. Small lead markers (“Beekly spots™) were piaced on the
- corners of the box. The box was radiographed from 5 angles at angular disparities of -15, -7.5,0,

7.5 and 15 degrees. The box was then rotated 90 degrees and an analogous set of projections
was acquired. The two data sets were reconstructed independently using the TACT algorithm

and corrected for differential magnification between slices. The two 3D data sets were then

| combined via simple avgraging of the pixel values. Projections through this merged data set '

were rendered either by linear averaging or by plotting the maximum value along each ray.

‘The results are illustrated in Figures 4 and 5 of (Webber 2001. N.B. This article is

~ included in the Appendix). These figures show the linear and the maximum rendering,
- respectively. As can be seen, the individual image sets are well resolved in the direction normal

to the reconstruction planes but resolution is substantially degraded in the orthogonal direction.

However, the merged data set is well resolved at all angles. Although this experiment was

performed with transmission dafa, the conclusions are applicable to ETACT as well. We plan to |

‘validate this in the next year.




VI. Use of Optical Fiducial Markers

The results from our simulation experiments indicate that we have to image at a

SubStantial distance in order to include all of the fiducial markers in each prcjectioﬁ. Iniaging‘ at

- such a distance leads to a substantial loss in the effectiveness of the pinhole collimator. The

sensitivity and resolution of the pinhole collimator both degré;ée with increasing object-to-
aperture distance. In addition, radioactive markers can be troublesome to make and can

sometimes be mistaken for small tumors. For these reasons, we are investigating the use of

- optical fiducial markers. This is accomplished by mounting a digital camera on the gamma

‘camera and acquiring both nuclear and optical images at each projection angle. The fiducial

markers on the optical images are then used to reconstruct the radiologic image. After a

thorough mathematical evaluation, we have determined that the optical image can be used

‘without cross-calibration to the radiologic image, as long as the digital camera and the radiolagic

camera (e.g. gamma camera) are oriented such that they are both the same distance from the

image plane and they are not rotated about the object in that plane. We have validated this

- approach through phantom experiments. (Webber 2002)

- VII. Phantom Experiment and Comparison to Planar and SPECT SMM

We performed an experiment to compare the performance of ETACT to planar SMM and
SPECT. We filled the various compartments of the Data Spectrum torso and breast phantom

~ with the following activity concentrations:

Organ __Target Conc Actual Conc
Torso (background) 0.3 uCi/mL 0.302 pCi/mL
Liver 0.6 uCi/mL 0.591 pCi/mL
Breast 0.3 pCi/mL 0.293 pCi/mL
Tumor (0.8 cm) 3.0 uCi/mL - 2.5-2.9 uCi/mL

We based the target conéentrations on what might be expected in a clinical setting. If 20 mCi is
injected into a 60 kg patient and it distributes uniformly, then the activity concentration would be
about 0.3 uCi/mL. We might expect the liver to possibly have twice that concentration. We
targeted the tumor within the breast to have a target-to-nontarget ratio (T/NT) of 10:1. The

10




actual concentrations are based on the assayed amounts that were injected into each v
compartment. Due to the small amount of activity in the tumor, we expect that there is a range |
of the possible activity concentfation in the tumor. This range corresponds to a T/NT in the
range of 8.3-10. | o | | . o ' | |
For the ETACT aéquisitien, 6 projections were acqﬁired over a 30 degree range k"using a4
mm pinhole collimator. The distance between the pinhole aperture and the tumor was
approximately 20 cm. Each image was acquired for 5 m (apprexhnate}y 185 kets per view). Six
fiducial markers were placed about the breast to be used during the reconstruction: 4 coﬁianar |

markers were placed on the medial side of the breast, and the other 2 were placed on the lateral

side on a line that was paraﬁél to the plane containing the other 4. These data were reconstructed

usingy the soﬁwaré developed by N. Linnenbriigger and R. Webber (TACTJ). A gaussian,

~ smoothing filter FWHM = 2 pixels) was applied to the reconstructed data to reduce the noise.

Both the smoothed and unsmoothed data were analyzed.

The planar data were acquired in the lateral projection for 30 m (the same total time useé

 to acquire the 6 ETACT projections). In this case, a low-energy, high-resolution parallel-hole

collimator was used. At the image distances used, the number of counts acquired in the planar

image exceeded that of the ETACT projections by about a factor of 2. Both the ETACT and thé

- planar data were acquired on an ADAC TransCam portable gamma camera (30 cm field of

- View).

The SPECT acquisition was performed on an ADAC Forte, dual-head SPECT camera.

- We acquired the data for 124 total projections at 30 s per projection. Since this was a dual-

headed camera, this acquisition took approximately 30 m. Thus all three modes of data
acquisition took approximately the same amount of time. The SPECT data were reconstructed

using filtered back-projection with a Hamming filter and a 0.6 cycles per Nyquist cut-off

- frequency.

‘We analyzed these data using the definitions contrast (C) and contrast-to-noise ratio

(CNR) previously described. The results are listed below:




Method Contrast __CNR Comment

TACT ; 0.505 3.74 Tumor clearly seen
- TACT (Smoothed) 0.266 7.89 ; Tumor clearly seen
Planar 0.260 3.94 ' Tumor barely seen

SPECT - 0.022 - . 092 Tumor not seen

These results indicate that the ETACT method provided improved detectability and
visualization of the tumor that either the planar or SPECT methods. The tumor contrast was
highest for the unsmoothed TACT image. Although the contrast in the planar image was lower,
the substantially lower noise (due to the higher number of total counts) yielded a CNR value that

- was slightly higher than for ETACT. Smoothing the ETACT image greatly enhanced its ’CNR '
- and also made the tumor more easily visible. Conversely, smoothing the planar data lead to a |
reduction in the CNR since the contrast was also substantially reduced. The tumor was not seen
on the SPECT images as is indicated in the contrast and CNR values. This experiment confirms

~ the simulation findings that ETACT has the potential for enhanced lesion detectability for small
tumors in the breast. ‘ |

VIIL Development of a Clinical Prototype

Based on these results, we have demonstrated the pateniial for ETACT to detect smaller
tumors in the breast. We have also determined the following acquisition paramters for a clinical,
ETACT protocol.

‘e . 3-4 mm pinhole provides a good compromise between sensitivity and spatial resolution ‘
e 6-7 projections provide a gdoé ETACT reconstruction |
¢ Total imaging time of 30 m (5 m per projection) provides adequate data -

e 15° angular disparity yields a good cemprcmise between centfast and axial resolution ,
- o 5 or 6 fiducial markers are adequate for reconstructed ETACT data
o Radioactive markers work adequately (must carefully choose pCi/mL)

e Use of optical markers needs further development

In addition, imaging the patient in the prone position with the breast suspended through a hole in
the imaging table (or mattress) has been shown to be an effect Way'ar acquiring the SMM study.




‘Based on these data and 6bservations, the following protocol procedure is propaéed.

1. The patient is inj écted with 20 mCi of *™T¢ sestamibi.
2. The patient is placed in the prone position on the special SMM mattress with a hole cut |
 out for the breast. S ' ‘ o |

3. The breast to be 1mageé is suspenéeé through the hole in the mattress w1th the mpple
- pointing down. '
4. Four coplanar, radioa¢tive fiducial markers are placed on the medial side of the breast
o within the mattress hole. The 4 markers (~1 va’mL) form a square with sides of
approxxmately 5 cm.

5. Two additional markers are placed on the lateral side of the breast on a line that is
 parallel to the plane containing the other 4 markers.
6 A pinhole collimator (3 or 4 mm aperture) is used with a portable or otherwise flexible |

- gamma camera that will allow the acquisition of the ETACT projection images.

7. Six projections (5 m each) are acquired over a 30° arc that is centered on the straight

“lateral V1ew of the breast.

8. The entire protocol should take less than 4{} m per breast
These projection data are then transferred to ETACT workstation and reconstructed suing the
TACT algorithm. The resulting images can be reviewed as a stack of slices through the breast in

conjunction with a three-dimensionally rendered reprojection of the data.

IX. Future Research Directions

‘With respect to 'using ETACT for SMM, several aspects of the data acquisition still

deserve investigation. First, we will continue to investigate the use of optical markers to be used

in the ETACT reconstruction. This approach would have the several advantages to the currently

proposed method. We would not have to make radioactive markers. Care must be taken in

~ making these such that they are “hot” enough to easily see, but not so hot as to obscure any

clinically pertinent features. There is alsc arisk t‘nat the markers may leak. The use of optical

markers may also allow the gamma camera to be placed closer to the area of interest. Currently,

~ we must image at such a distance that all of the markers are always in the field of view. We may




be able to relax this requirement when using optical markers. Our mathematical treatment of this
hybrid approach places several geometric constraints of the data acquisition. For instance, the
pinhole aperture positions for all acquired projection must both be coplanar and parallel to the
‘ detectqr plane. The optical aperture positions for all projections must also be coplanar and this
~ plane must also be parallel to the detector plane. We will investigate how closely we must
- adhere to these constraints in practical imaging situations. |
- We will investigate the use of other collimation besides pinhole with ETACT. For ;
example, we will investigate the use of converging collimation that provides higher sensitivity at
reasonable imaging distances than the pinhole while still providing better spatial resolution than
parallel-hole collimation. An optimally designed converging collimator may allow for shorter
| imaging times and thus could be more easily applied in a clinical environment.
“We would also like to investigate the application of ETACT with a more compact and
; kﬂexible nuclear imaging camera. For example, the Digirad nuclear camera provides a 20x20 cm
field of view that can be more easily brought into the mammography suite or into the operating
room. If we can successfully apply ETACT with this or a camera with similar flexibility and
?oriability,! then we could potentially image the patient in the mammography suite while she is
 stillin compression for her mammogram. In this manner, the ETACT imaging results could be
‘correlated with the mamn‘iagréphic results to provide a combined approach that links the
anatomical changes seen on mammography with the functional results seen with ETACT. With
the currently proposed protocol, one of the limitations that still remains is that it is difficult to -
correlate the ETACT findings with those from mammography. The mammogram is used to
direct the biopsy of any suspicious lesions. However, ETACT may provide a better indication of
“those aspects of the tumor that are metabolically active. Therefore, combining ETACT with
mannncgraphy may improve the accuracy of stereotactic biopsy of the breast. | .

* We will also look at applying ETACT to the imaging of the axillary iymph node region.
Uptake of *™Tc sestamibi in this region can be indicative of the spread of the disease to the |
‘lymph system ahd thus xﬁay lead to a difference in the patient’s prognosis. ETACT may provide

a means for providing improved detection and localization of activity in the axilla. Such
information may lead to more accurate staging of patients with breast cancer.
Beyond breast imaging, we are looking at the use of ETACT for small animal imaging.

We can use pinhole collimation with a very small aperture (e.g., 1 mm) to image mice that have

14




been administered a radiopharmaceutical. ETACT provides an easy and straightforward manner

of providing tomographic images of these animals. The 3D infonnation provided by ETACT

- will provide an improved ability to quantify the amount of actxvn“y in the feature. Thus ETACT

) couid not only be used to prowde a means for testing new radlotracers in rodents, but ceuld also

be used for providing a better way of monitoring the success of new treatment regimens in mdent
models using standard raézepharmaceutzcals

In this project we have shown that ETACT provides a simple and flexible manner of

providing tomagrayhic data from a series of proj ection images. This allows radionuclide

tomography to be applied in a variety of imaging settings and applications which would be
difficult for conventional tomographic approaches such as SPECT. For these reasons, we will
continue to investigate the use of ETACT for both breast imaging as well as other applications

and we suspect that other investigators will also start to look at this simple and flexible approach.

Lastly, we thank the Department of Defense for their generous support during this project, and
we look forward to working with them in the future. ‘




IX. Review of Statement of Work

In this section, we - will review the ori gmal statement of work w1th respect to werk performed

' dunng this project.

“Task 1: To develop and utilize a computer simulation model (Months 1-15) [This has been
, compieted ]
- Develop female, thoraczc computer phantom including breasts, tumor, lymph nodes heart,
liver and lungs [This has been completed.]
- Model radlologic properties of phantom including emission, detection, attenuation, scatter
~and Poisson noise [ 7his has been completed)
- Model ETACT with number of fiducial markers, placement of markers, number and
orientation of ETACT views [This has been completed]
- - Model conventional SMM mcludmg both planar and SPECT [This has been completed}
- Run simulations varying lesion size, location and T/NT ratio [This has been completed.]
- Determine SNR and perform ROC analysis to compare different ETACT configurations to
“each other and to conventional SMM [This has been completed.]

Task 2: To acquire and utilize phantom data to further compare ETACT to conventional SMM [ This
kas been completed)
- Develop phantom protocol including Eesmn placement, size and T/NT ratio and activity in
other organs (heart, liver and chest) [This has been completed) :
- Acquire ETACT data with portable gamma camera and pmhole collimator varying number
and location of fiducial markers, number and location of views and reconstruction methcd
- [This has been completed)
- Acquire conventional SMM including planar and SPECT [This has been completed]
- Perform ROI analysis to determine the SNR in the phantom data [ This has been completed)
- - Perform ROC analysis to compare different implementations of ETACT to each other and to
‘ conventional SMM [4 modified version of this task has been completed.]

Task 3: To de&gn a chmcai ETACT scintimammographic system prototype [This has been
compfefed}

- Based on results of Tasks 1 and 2, design the epnmai acquisition parameters for ETACT
» SMM [This has been completed)
- Design a system for reliable and practical method of marker placement [This has been
completed]
- Review design with both technical and physician staff in both nuclear medicine and
mammography [7his has been completed)]
- Modify and finalize design based on clinical feedback. [ This has been completed)




Key Research Accomplishments

Task 1: To develop and utilize a compaier simulation model

We have developed a 3D tool for simulating the ETACT acquisition process including

emission, pinhole collimation, detection and Poisson noise.

We have developed a simple breast tumor model for the evaiuanon of
scmtlmammography.

We have cenirerteé this application from SGI to NT to make it more accessible.

We have performed an evaluation of the aperture size, angular disparity and number of

projections using the simulation application described above.

| We have deveioped a Monte Carlo model of ETACT and used it to evaluate the effect of

photon attenuatmn and scatter on ETACT.

Task 2: To acquire and utilize phantom data to ﬁn’ther compare ETACT to conventional SMM

We have acquzred the Data Spectrum breast phantom and have developed a protocol for

imaging this phantom with fiducial markers using a portable gamma camera with a

pinhole collimator.
We have performed a comparison between ETACT and SMM (both planar and SPECT)
using phantom data. ‘ '

We have validated our simulation results and shown ETACT to be a clinically practical

3ppreach.

. Task 3: To design a clinical ETACT scintimammographic system prototype

We have developed a method of merging two orthogonal ETACT data sets to further
1mprove 1mage quality and tumor detectability. '

: We are developing a method for usmg optical fiducial markers canbe appheé toETACT

in a practical manner.

Based on the results of these studies and discussions with our clinical colleagues, we

have developed ;aprotocai for the clinical application of ETACT.




Reportable Outcomes

Fahey FH, Webber RL, Haﬂmess BA. ETACT anovel ap;}roach to scintimammography I
Nucl Med 1998; 39:24P (abstract, presented at the Socxety of Nuclear Medicine Annual Meetmg,

Toronto, June 1998)

Fahey FH, Webber RL, Bayram E, Harkness BA, Mu?Z, Hemler P. Preliminary evaluation of |
ETACT scintimammography. Med Phys 1999; 26:1072 (abstract, presented at the American |

~ Association of Physicists in Medicine Annual Meeting, Nashville, July 1999)

Hemler PF, Webber RL, Fahey FH. Modeling and error identification of three dimensional

~ tomosynthesis reconstructions. SPIE Proceedings. 2000;3979:1280-1287 (presented at the
SPIE Symposium on Medical Imaging, February 2000)

Fahey FH, Grow KL, Webber RL, Bayram E, Harkness BA, Hemler PF. ETACT: A Novel
Approach to Scintimammagraphy; ERA of Hope ?receedings, Vol 1. 2000. (abstract, presented

at the Era of Hope Meeting, Atlanta, June 2000)

Grow KL. Evaluation of emission tuned aperture computed tomography. Masters Thesis. Wake

~ Forest University, 2000.

Fahey FH, Grow KL, Webber RL, Harkness BA, Bayram E, Hemler PF. Emission tuned-

aperture computed tcmography a novel approach to scmtnnammography J Nucl Med
2001;42: 2121 1127. '

Webber RL, Fahey FH. Blorthogonal mergmg of mammographic slices usmg tuned-aperture
computed tomegraphy J Elect {mag 2001; In Press.

Fahey FH, Grow KL, Meitsner MA, Webber RL. Angular disparity in ETACT

scintimammography (abstract, accepted for presentation at Radiologic Society of North America,
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Conclusions

‘We have implemented the ETACT reconstruction algorithm that we described in our

: apphcatmn We have further developed a compu’{enzed simulation model for the acqulsmon

process assemated with ETACT including emission, collimation, detection and Poisson noise.
We have also developed a simple model for the breast with a ‘small tumor which also includes

the fiducial markers necessary for déing ETACT. We used these simulation tools to perform an

- evaluation of the aperture size, angular disparity and number of projections. Based on this

evaluation, it was determined that a 3-4 mm diameter aperture was optimal for ETACT. We also

“developed a Monte Carlo model of ETACT that included attenuation and scatter to-demonstrate |
~ the validity of our ray-tracing simulation results. Using this phantom, we performed an

~ evaluation to test the validity of our simulations and the feasibility of this approach. We used the

phantom experiment to compare ETACT to conventional SMM, both planar and SPECT. We
found ETACT to provide high contrast images that could be used to detect and visualize small

features that were not readily visible on either planar or SPECT images. These evaluations

indicated that we need to greatly reduce the aperture-to-object distance if we are to improve the
performance of ETACT. We demonstrated that merging 2 orthogonal ETACT data sets greatly
improve image quality and tumor detectability. We implemented and tested an approach for

using optical rather than radioactive markers. Based on the results of this project along with

discussions with our clinical colleagues, we have developed a protocol for the clinical
implementation of ETACT. '
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‘Emission Tuned-Aperture Computed
Tomography: A Novel Approach to

Scintimammography

Frederic H. Fahey, Kerry L. Grow, Richard L. Webber, Beth A. Harkness, Ersin Bayram, and Paul F. Hemler

Division sf Radiologic Sciences, Wake Forest University School of Medicine, czm:i Department of Physics,

Wake Forest University, Winston-Salem, North Carolina

- Emission tuned-aperture computed tomography (ETACT) is a
new approach to acquiring and processing scintimammography
data. A gamma camera with a pinhole collimator is used to
acquire projections of the radionuclide distribution within the
breast. Fiducial markers are used to reconstruct these projec-
tions into tomographic slices. Simulation and phantom experi-
ments were performed to evaluate the potential of the ETACT
method. Methods: In the simulation study, a hemispheric object
of 15 cm in diameter was constructed to mode! a breast. A
ray-tracing technique was used to generate ideal projections.
These were blurred and noise was added to create images that

resemble scintigraphic images. Tumor size, pinhole size, and
target-to-nontarget radioactivity ratios (TNTs) were varied. The
simulated projections were reconstructed into slices, and con-
trast and contrast-to-noise ratios were calculated to evaluate
the effect of pinhole size. These results were compared with a
simulated planar acquisition of the same object. A preliminary
phantom evaluation was performed using an 8-mm “tumor” with
a 10:1 TNT to validate the simulation results. Results: A 3-mm
pinhole was shown by the simulation study to be the optimal
size. The ETACT images consistently yielded higher contrast
than simulated planar images. The phantomn study validated the
simulation results and showed the feasibility of ETACT in a
simulated clinical environment. Conclusion: ETACT isshown to
be useful for imaging tumors <1 cm in diameter. Because
ETACT requires only a gamma camera with a pinhole collimator,
it has the potential to be applied in any hospital in a sxmp!e,
flexible, and practical manner.

Key Words: tomography; pinhole collimation; reconsi‘ruetlen
J Nucl Med 2001; 42:1121-1127

Breast cancer is the most common malignancy among
women in the United States (). Every year, more than
185,000 lives are impacted as a result of breast cancer and
44,000 die of the disease (2). Patients with breast cancer
diagnosed at a localized stage experience a survival rate of
90%, whereas the rate is <<20% if the cancer has spread to
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1 or more distant sites (3). Early detection, therefore, plays
an essential role in the fight against breast cancer. Although
mammography is currently the best imaging approach for
breast cancer screening, several factors may limit its accu-
racy. Dense breasts, breast implants, or scars may either
resemble a tumor or hide true small tumors on the mam-
mogram. As a result, false-positive as well as false-negative
incidents are increased. Mammography has a relatively high
sensitivity (88%), although dense or large breasts may re-
duce this. However, it has a low specificity (67%) (4).

Scintimammography using %*™Tc-labeled sestamibi has
been shown to have high sensitivity and specificity (93.7%
and 87.8%, respectively) for tumors >1.5 cm (5). However,
in its current implementation, the limited spatial resolution
of the gamma camera limits the sensitivity and specificity
for tumors <1 cm (6). We are developing a new approach
to detect early stages of breast cancer with scintimammog-
raphy called emission tuned-aperture computed tomography
{ETACT). ETACT uses pinhole collimation and limited
angle tomography to potentially improve the contrast of
small tumors. In this article, we describe the ETACT
method and present some preliminary simulation and phan-
tom investigations of this approach.

ETACT is based on the tuned-aperture computed tomog-

-raphy (TACT) method developed by Webber et al. (7).

Consider the tomographic method known as tomosynthesis

~ (8). In tomosynthesis, several planes through an object are

reconstructed from a small number of 2-dimensional (2D)
projections. This technique is illustrated in Figure 1. A
series of coplanar x-ray sources form a circular pattern. A
disk and a square are located between the source and de-
tector planes. Each source projects the 2 objects onto the
detector plane, resulting in a series of projections. By shift-
ing by the appropriate amount and then adding these pro-
jections, any plane through the object can be reconstructed.
For instance, if all projections are shified so that the centers
of the disk in all images are aligned and the projections are
then added together, the result is the slice that contains the
disk being reconstructed. Note that the square object is out
of focus in this plane. However, by shifting such that the
squares align and then adding, the plane through the square
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FIGURE 1. Tomosynthesis is imaging technique that shifis

and adds series of 2D projections to construct 3-dimensional
image. Point sources of each projection are coplanar, ieading to
. linear shifting and adding of projections. Through shifting and
adding process, any arbitrary slice through object can be re-
. constructed. (Reprinted with permission of (7).}

can also be reconstructed. In this fashion, any slice through
the object can be created, and a 3-dimensional (3D) repre-
~ sentation of the object is constructed. In tomosynthesis, the
amount to shift the projections before addition is determined
from the known location of the x-ray sources.
In TACT, the imaging geometry is more flexible and the
'source is not restricted to 1 plane. This allows more freedom
to “tune” the projections to each situation, thus optimizing
the reconstruction. As a result of this loosened geometry,
fiducial markers are needed to compensate for the extra
degrees of freedom. First, consider the sources to be located
in a plane parallel to the detector plane, but with unknown
position within that plane, as shown in Figure 2. A single
fiducial marker is used. If all projections are added without
shifting, we are reconstructing the detector plane. The cen-
troid of the fiducial marker locations in all projections is
then calculated. The projections are shifted such that the
locations of the fiducial marker in the different projections
align with the centroid and are then added together. The
result is the reconstruction of the slice containing the fidy-
cial marker as shown in Figure 2. To reconstruct a slice one
 third of the way between the marker and the detector plane,
the projections are shifted two thirds the distance between
 their initial location and the centroid and added together. In
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this fashion any arbitrary slice can be reconstructed and a
3D representation of the object is constructed (7).

Now consider a situation in which the source locations
are not coplanar and their locations are unknown. In this
case, at least 5 fiducial markers (e.g., 4 coplanar and 1 out
of plane) are needed. The 4 coplanar markers are used to
apply a projective transformation between the projections -
and a reference image. This provides a correction for skew-
ing and a first-order correction for magnification. The mag-
nification correction applies only to the plane containing the
4 fiducial markers and does not correct for the differential
magnification between planes. Once this transformation has
been applied to the projections, they can be treated as if they
were acquired with coplanar sources and the fifth, out-of-
plane fiducial marker is used fo reconstruct the data as
described previously (i.e., shifting and adding). TACT has
been used successfully in a variety of radiographic applica-
tions including dental radiography and mammography (7,9).

Source
Plane

o <«—— Fiducial

Object

Detector
Plane

Centroid-

FIGURE 2.. Demonstration of concepts of TACT. Five x-ray
source locations are coplanar but arbitrary and unknown. One
fiducial marker is used. Five projections of object are obtained.
If projections are added without shifting, object at detector
plane is reconstructed. Centroid of 5 marker locations is deter-
mined. If all projections are shifted such that marker locations
align with centroid and projections are then added, plane con-
taining fiducial marker is reconstructed. To reconstruct piane
one third of way from marker to detector plane, projections are
shifted two thirds of distance from their initial location toward
centroid and then added. in this manner, any arbitrary plane can
be reconstructed and 3D representation of object is obtained.
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FIGURE 3. Similarity between TACT and ETACT geometry,
where d is pinhole diameter, b is pinhole-to-object distance,
and f is distance from pinhole to both detector and reference
planes. In ETACT, reference plane is parallel to detector plane
and same distance from pinhole, but on opposite side of pin-
hotle. In ETACT, pinhole is analogous to source in TACT.

ETACT is emission TACT, which combines the concept
of TACT with nuclear medicine imaging. A radiopharma-
ceutical is injected into the patient and imaged with a
gamma camera using a pinhole collimator. In this geometry,
the x-ray source in TACT is replaced with the pinhole
collimator. The detector plane is the surface of the Nal
detector. A reference plane is defined that is paralle! to the
detector plane and equidistant to the pinhole but on the
opposite side, as shown in Figure 3. The pinhole location is
not restricted to 1 plane. This allows the freedom to choose
projection angles, which will be optimized for each specific
imaging situation. The 5 fiducial markers are radioactive in
* ETACT. After the projective transformation of the projec-
tions (using the 4 coplanar markers), adding the projections
without shifting reconstructs the reference plane. Shifting
all projections so that the fifth fiducial marker locations in
_ all images align with their centroid reconstructs the plane
parallel to the reference plane and containing the fifth
marker. Shifting the projections a set fraction of that amount
" reconstructs the plane that is that fraction of the distance
between the fifth fiducial marker and the reference plane.
Therefore, ETACT can reconstruct any number of slices and
thereby generate a 3D representation of the object.

Potential benefits of ETACT arise from both the use of
pinhole collimation and the flexibility of the ETACT acqui-
sition. In the first case, the pinhole collimator provides
superior spatial resolution to that of a parallel-hole collima-
tor. For a pinhole-to-detector distance of 25 cm, a pinhole
diameter of 4 mm, and an intrinsic spatial resolution of 3.5
mm, the pinhole system spatial resolution is approximately
6.0 mm compared with that of planar and SPECT imaging
with a high-resolution collimator, which would be approx-
imately 7.5 and 10 mm, respectively. This increased spatial
resolution will lead to enhanced contrast of small tumors
attributed to a reduction in the partial-volume effect. Sec-
ond, the sensitivity of the pinhole collimator is inversely
proportional to the square of the pinhole-to-object distance,

whereas the sensitivity of a parallel-hole collimator does not
vary with distance. Therefore, the pinhole collimator will be
less sensitive to activity in objects behind the breast such as
the myocardium or the liver. For example, if we assume that
radioactivity in the tumor and myocardium is located 7 and
14 cm from the pinhole, respectively, then the system will
be 4 times more sensitive to activity in the tumor than it is
to the myocardium. S

The advantage of ETACT over other tomographic meth-
ods is that the 3D resolution as well as the signal to noise
can be “tuned” to specific diagnostic tasks through purpose-
ful manipulation of the data-sampling strategy. This is anal-
ogous to altering one’s vantage point to optimize the view-
ing of a scene or manipulating the optical aperture of a
camera to adjust the depth of focus to best fit the imaging
task at hand. Therefore, the projections obtained during an
ETACT acquisition can be chosen to avoid signals from
other organs such as the heart or liver or to enhance the
tomographic capability for challenging imaging tasks such
as the detection of small tumors near the chest wall.

On the basis of both of these factors, ETACT has the
potential to enhance the detection of small tumors in the
breast. Pinhole collimation enhances system spatial resolu-
tion and degrades the contribution of signal from other
organs, and TACT reconstruction further enhances the con-
trast of these small structures. The result should be an
overall increase in the signal-to-noise ratio (SNR) and,
thereby, detectability for small tumors. Clinically, this
should result in improvements in sensitivity and specificity
for the detection of breast tumors <1 ¢m in diameter, |

MATERIALS AND METHODS

Simulation Experiments

Simulation studies were used to determine the optimal pinhole
size for ETACT. An object was designed whose shape resembled
that of a hemispheric breast, 15 cm in diameter. A spheric tumor
was placed in the center of the breast. The tumor was assigned a
diameter of 5, 7.5, or 10 mm. Five fiducial markers were placed to
the lateral side of the breast. Four of the markers were coplanar
(parallel to a sagittal plane through the breast) and formed a -
squaré, 5 X 5 cm, whereas the fifth fiducial marker was out of the
plane by 1 cm. The target-to-nontarget radioactivity ratio (TNT)
was also defined. In various simulations the TNT was 5:1 (i.e, the
tumor was 5 times as “hot” as the rest of the breast), 7.5:1, 10:1,
12.5:1, or 15:1. The 3D object was represented as a series of 40
equally spaced slices. Projections of this object were generated
using a ray-tracing technique (70). The detector was defined as a
500 X 500 mm square to ensure that all projections would be
within the field of view. The pinhole-to-detector and pinhole-to-
object (tumor) distances were 25 and 15 om, respectively. A
symmetric set of angles was used to take 7 projections of the
object. The first image was a straight lateral view of the breast.
From the straight lateral, let the angle 8 describe the amount of
caudal tilt and the angle ¢ describe the amount of rotation about
the long axis of the body. The other 6 projections were acquired in
a hexagonal pattern with each view 15° from the straight lateral as
described in Table 1. Note that 8 = 10°and & = 10° lead to an
angle from the straight lateral of about 15°. These 7 projections
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TABLE 1
Angular Orientation of Each Simulated Projection

; Angle (7}
Projection -8 &

1 0 0

2 15 o

3 -5 = 0.
-4 - 10 10

5 -10 . 10.

6 10 -10

7 -10 -10

From straight lateral, let angle 8 describe amount of caudal tilt
and angle ¢ describe amount of rotation about long axis of body.
Note that 8 = 10° and ¢ = 10° lead to angle from straight lateral of
about 15°, '

were considered “ideal,” meaning no blurring or noise was added.
These projections were then blurred and noise was added, depend-
ing on the pinhole size, which was varied: 1, 2, 3, 4, 5, and 6 mm
in diameter. The blurring was accomplished by convolving the
projections with a gaussian kemel having SD o with:

‘o =R,,/2.35,
with Ry, = (Rps? + (R/M)?)'2,

' Rph'—-?‘(f‘i'h),

_f
and M = b
where d is the pinhole diameter, f is the pinhole-to-detector dis-
tance, b is the pinhole-to-object distance, M is the magnification
. factor, Ry is the intrinsic resolution, Ry, is the system resolution,
and Ry, is the pinhole resolution (7).
Noise was then added to each projection. First, the projection
. data were scaled such that the pixel values were similar to that
" acquired with a gamma camera using a pinhole collimator. The
sensitivity was calculated on the basis of the pinhole size, using
iy S -

1 S
G =1 @D +1).

The scaled projection was multiplied by the sensitivity on a pixel-
by-pixel basis. Each pixel value was sampled from a Poisson
distribution with a mean N, where N is the noiseless pixel value.
Projection sets were generated for various tumor sizes, TNTs, and
- pinhole sizes. All sets were simulated twice, once using blurred
data and once using data that were both blurred and noisy. A total
of 36 ideal projection sets was simulated.

For each projection set, the TACT software developed by R.A.
Horton and R.L. Webber (Verity Software Systems, Winston-
Salem, NC) was used to reconstruct the data. The straight lateral
view was used as the reference. The 4 coplanar fiducial markers
were identified on each projection, and a projective transformation
of each of the projection images was performed. The fifth marker
was identified in each projection and used to determine the amount
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of shifting necessary to reconstruct different slices through the
object. Figure 4 displays 4 of 40 reconstructed slices of the bhured
and noisy case for the 10-mm tumor and 10:1 TNT and a 3-mm
pinhole. Because the lateral view was used in each case as the
reference image, all reconstructed image sets were oriented in the
same way. For each case, the slice with the tumor was selected.
Contrast measurements of tumor counts versus background counts
in the blurred image were calculated and recorded. A 16 X 16
pixel region of interest (ROI) was used to determine the counts
over the tumor. A similarly sized ROI was placed in the back-
ground of the breast, just outside of the tumor boundary. Two
measurements were made in the background and then averaged.
One measurement was made directly on the tumor and the value
(TUM) was recorded. The contrast was then estimated using the
following formula:

c= {TUM — BKG)
N BKG ’

where BKG is the mean value of the pixel counts in a background
ROL The fractional SD (FSD = SD/BKG) of the pixel values in
the background of the blurred and noisy image was also calculated.
Two FSD measurements were taken from the background of the
breast and then averaged together. The contrast, C, was divided by
the averaged FSD to estimate the contrast-to-noise ratio (CNR):

CNR:I_:—SB'

The CNR is analogous to the SNR. Calculation of the SNR
would require the fractional SD of the ROI counts rather than
the pixel counts. However, if the pixel counts in the region are
reasonably uniform, the 2 SDs should be proportional to each

FIGURE 4. Four of 40 ETACT reconstructed slices for case
10/10 {tumor diameter of 10 mm and 10:1 TNT) using 3-mm
pinhole. {A) Fifth fiducial plane. (B) Four fiducials. {C} Random
slice within breast. (D) Slice containing tumor. :
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other. Thus, the CNR should be indicative of lesion detectabil-
ity just as SNR is. -

Planar images were simulated for the 10/10 case (which refers
to a 10-mm tumor and a TNT of 10:1) and varying pinhole size for
comparison with the ETACT reconstructions. The straight lateral
view of the breast was simulated with 7 times the counts in a
single, simulated ETACT projection. In this way, the planar image
had the same total counts as the total ETACT reconstruction. The
contrast and the CNR for the planar case were compared with
those of the ETACT reconstructed data, '

Phantom Experiments

An 8 mm “tumor” was filled with ™T¢ and inserted into the
breast phantom (Data Spectrum Corp., Hillsborough, NC). The
rest of the breast was filled with water and mixed with ¥"T¢ to
create a 10:1 TNT, 37 kBg/mL (1 mCi/mL) in the breast and 370
kBg/mL (10 mCi/mL} in the tumor. After the phantom was pre-
pared, it was set on a table and 7 projections were taken with a
portable gamma camera (TransCam; ADAC Laboratories, Milpi-
tas, CA) using a pinhole collimator. The positioning of the 7
projections was taken to resemble those in the simulation study.
Figure 5 displays the experimental setup. The TransCam camera
has a 260-mm field of view and a 6.5-mm Nal crystal thickness.
This camera has an intrinsic spatial resolution of 3.6 mm and an

* energy resolution of 10.9% at 140 keV. The data were acquired

with a 15% energy window. A 4-mm pinhole was used. Each
projection was acquired for 5 min. The total count for each
projection was around 45,000, The TACT software was used to
reconstruct the data as described. The contrast and CNR measure-
ments were calculated in the same fashion as in the sunnlat;on
study.

RESULTS

Simulation Results

The simulation results are presented in Tables 2 and 3 and
in Figure 6. The labeling 10/5 refers to a tumor size of 10

FIGURE 5. Phantom experiment setup includes anthropo-
morphic phantom and portable gamma camera with pinhole
collimator aimed at lateral side of breast. Seven projections
were taken of breast at different angles. These projections were
then reconstructed using ETACT software to create slices
through breast.

TABLE 2
Contrast Measurements

Pinhole size Contrast
(mm)  10A0 7510 510 105 755 565

0472 0283 0.123 0.254 0.16 0.055
0454 0282 0.1 0.226 0.145 0.066
0.437 0231 0.068 01939 0.094 0.049
0375 0.176 0.059 0.149 0.088 0.057
0256 0.148 0.05 . 0.145 0.078 0.066
02068 0.088 0.055 0097 0.063 0.058
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Case 10/10 refers to 10-mm tumor size and TNT of 10:1, whereas
case 7.5/5 refers to 7.5-mm tumor size and TNT of 5:1.

mm and a TNT of 5:1, whereas 5/10 refers to a tumor size
of 5 mm and a TNT of 10:1. Values for all 6 different
pinhole sizes are listed. The contrast results are displayed in
Table 2. The CNR results are shown in Table 3 and in
Figure 6. Our results indicate that a CNR of around 2 is the
threshold for detectability. In each case, there is an optimal
peak in the CNR curve. The overall optimum is a 3-mm
pinhole for a tumor of size 10 mm and a TNT of 10:1. The
highest concentration of the best CNRs is as a result of the
3-mm pinhole. Figure 4 shows 4 reconstructed simulations
for the 10/10 case. Table 4 compares the contrast and CNR
of the planar and ETACT simulations as a function of
pinhole size. In all cases, the contrast and CNR for the
planar case were less than those for the ETACT case,

_primarily because of the increased contrast that resulted

from the ETACT reconstruction.

Phantom Results

The results of the phantom experiment mcludmg the
8-mm tumor are given in Table 5. Reconstructed slices
through the breast, including the fifth marker, the 4 coplanar
markers, the breast, and the tumor, are shown in Figure 7.
The 8-mm tumor is detectable and these results are compa-
rable with our simulation results.

DISCUSSION

In the simulation experiments, ETACT was shown to
have the potential of detecting tumors <1 cm. However, a

TABLE 3
CNR Measurements
Pinhole size CNR
{mm) 10/10 7.5/10 510 10/5 7.5/5 5/5
1 463 277 121 25 157 054
2 6.98 4.03 154 348 223 1.02
3 8.57 4.53 133 39 184 096
4 7.98 3.74 126 317 187 122
5 6.24 3.61 122 353 138 1.61
] 5.72 275 1583 27 175 1.61

Optimum for each case is in boldface type
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TABLE 5
ETACT Phantom Resulis

10
8 - -4-10/10
6 -&7.5110
g . ) : -8 5/10
O 4 . -+ 10/5
= 47505
== e
a 3 - K H T T 1

0 1 2 3 4 5 6 7
Diameter of pinhole (mm)

FIGURE 6. Plot of CNR measurements for different simulated
cases: as TNT increases, GNR also increases. In most cases,
optimal pinhole size is 3 mm.

5-mm tumor was not detectable even for a TNT as high as
15:1. The CNR threshold for detection was determined
objectively to be around 2.0. As the pinhole size of the
collimator increased, the contrast of the image worsened
and the noise decreased; conversely, as the pinhole size
decreased, the contrast improved and the noise worsened.
Thus, there may be an optimal pinhole size as determined by
that that yields the maximal CNR. The optimal pinhole size
- was observed to be the 3-mm pinhole for all discernable
cases, although it was not substantially better than 4 mm.
The contrast and CNR were consistently higher for the
ETACT simulation compared with a planar simulation.
The simulation study may be limited because attenuation
and Compton scatter were not included in the model. At-
tenuation may have an effect on the final image. y-Rays
from the tumor had to travel half of the breast, but y-rays
- from behind the tumor had more tissue through which to
travel and thus would be attenuated more. Attenuation may
have reduced the image contrast, but the effect would prob-
ably be small. In Compton scatter, the photon changes
direction as it scatters, causing a loss in spatial resolution

and the contrast for small objects to wqtsen. In the clinic, k
the limited energy resolution of the Nal crystal in the

gamma camera makes it impossible to eliminate all of the
Compton scattering. Even with a 15% energy window,
scattered radiation will still be incorporated into the image.
Therefore, the phantom study results may not exactly match

TABLE 4

Comparison of Simulated Planar and ETACT Data
' Pinhole size Contrast CNR

{mm) Planar ETACT Planar ETACT

1 0.402 0.472 3.98 4.63
2 0.345 0.454 543 6.98 .

3 0.300 0.437 5.58 8.57

4 0.255 0375 5.13 7.98

5 0.214 0.256 4.40 6.24

8 0.165 0.206 3.25 5.72
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Phantom measurements

Tumor size
{mm) Contrast % SD SNR
8 0.58 15.8

3.67

Measurements were made with 4-mm pinhole.

the simulated data because of attenuation and Compton
scatter. On the other hand, it is unclear whether the inclu-
sion of attenuation and Compton scatter has much effect on
the comparison of ETACT with other conventional imaging
methods because these considerations would affect these
methods as well. We are investigating the role of attenuation
and Compton scatter in ETACT through Monte Carlo sim-
ulations and a comprehensive phantom study.

In the phantom studies, the aim was to create a simulated
clinical setting. The breast was filled with a 37-kBg/mL (1
mCi/mL) solution and the tumor was filled with 370
kBg/mL (10 mCi/mL). The phantom was imaged with
seven 5-min exposures, a total of 35-min acquisition time,

“which would be considered a reasonable study time in the

clinic. The phantoin results are a reasonable indication of
what may be expected with real patient data. The phantom

“results also verified the validity of the simulation results.

To improve the potential of the ETACT method, some
aspects of the experimental setup need further investigation:

FIGURE 7. Four of 40 reconstructed slices of anthropomor-
phic phantom using 8-mm tumor size with 10:1 TNT. (A) Fifth
fiducial slice. (B} Four fiducials. (C) Random slice within breast.
{D) Slice containing 8-mm tumor. As viewed, 8 mm is detect-
able.
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pinhole size, collimator, field of view, angular disparity of
_the projections, and iterative deconvolution. On the basis of
~ our simulation results, a 3-mm pinhole will be constructed

and used for future phantom studies. Simulation results
~ imply that a 6-mm tumor might be visible with the 3-mm
pinhole. Another way of improving the resolution, and
therefore the SNR, of the images is to increase the field of
-view of the detector, allowing for more magnification. This
could possibly be accomplished by the use of optical mark-
ers. Instead of radioactive fiducial markers, visible ones
could be used with an optical system mounted to the gamma
camera. The optical markers would be used for the recon-
struction process. Thus, the gamma camera could more
closely approach the patient with more flexibility, but with-
out all of the fiducial markers necessarily being in the field
of view of the gamma camera. This could lead to an increase
in both resolution and sensitivity. Herative deconvolution

could also improve the results of the ETACT method, by
~ subtracting the unwanted signals from neighboring slices.
To fully analyze the ETACT method, a clinical evaluation
needs to be performed eventually.

CONCLUSION

We evaluated the scintimammography technique,

ETACT, through simulation and phantom experiments. The
simulation experiments revealed that the 3-mm pinhole size
is the optimum for the best tradeoff between resolution and
noise. The phantom studies were consistent with the simu-
~ lation results and proved that we can get reasonable results
in a simulated clinical setting. In the phantom experiments,
the 8-mm tumor was visible using the 4-mm pinhole. There-

ETACT: AN APPROACH TO SCINTIMAMMOGRAPHY * Fahey et al.

fore, ETACT has the potential to improve patient diagnoses
by detecting tumors at an earlier stage and could be applied
in any hospital in an easy and flexible manner.
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“This invesﬁgation demonstrates a method for c'reating three-dimensional (3D) mammograms. It
involves biorthogonal merging cf independent tomographic representations. A test specimen containing
human bréast ﬁss&e with rsferenée points attached was irradiated from five angles and from two orthogonal ;
orientations. Data from both orientations were processed independently to yield data derived from the
same tissues but oriented orthogonally. By combining suitably-corrected 3D matrix representations of these |
data, it was possible to assign more accurate estimates of volume elements in the resulting 3D
reconstructions. Data obtained using a conventional digital stereotactic mammography system yielded a
merged 3D imﬁge that retained’spatial details and apparent structural continuity even when rendered as a
cube retéted through a full 360. We conclude that merging 3D matrices derived from multiple projections

' ehtained bionhogcnally may offer an intriguing alternative to conventional 2D digital mammography and

intrinsically anisotropic 3D mammographic imaging methods.

KEY WORDS: digital imaging, three diménsioas, mammography, computed tomography, nonlinear
processing -
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ABSTRACT

This inirestigation explores the potential for creating three-dimensional (3D) mammegrains
through biorthogonal merging of independent tomographic representations. A cuboidally shaped test
épe&':imen containing human bré#st tissue “rith'refererice points attached to éach corner was”irradiated from

five angles and from two orthogonal orientations, yieidiﬁg a total of 10 projections. Data from both

~ orientations were processed independently to yield independent laminographic series derived from the

same tissues but oriented orthogonally. Relationships derived from respective projections of the reference

" points were used to correct for cone-beam artifacts. A matrix-rotation prograin was developed and applied

to the data underlying one of these now affine-corrected 3D representations that, in effect, flipped it 90e.
By combining the rotated 3D volume representation with its unrotated, orthogonally generated counterpart,
it was possible to assign more accurate estimates of volume elements in the resulting 3D reconstructions.

Data obtained using a conventional digital stereotactic mammography system yielded a merged 3D image

- that retained spatial details and apparent structural continuity even when rendered as a cube rotated through

a full 360>. We conclude that merging 3D matrices derived from multiple projections obtained

biorthogonally may offer an intriguing alternative to conventional 2D digital mammography and

intrinsically anisotropic 3D mammographic imaging methods.

1 Introduction
Conventional mammography is an intrinsically two-dimensional (2D) imaging
yrecéss. As such, its diagnostic potential is necessarily limited by the extent to which

essential 3D information is obscured by irrelevant tissue details located either above or

below the region of interest. The similarity in attenuation between normal and cancerous

breast tissues affects both sensitivity and specificity and is particularly important when

- the region of interest is small and the enveloping tissue relatively dense. The addition of

depth information via conventional stereometry has been shown to improve diagnostic




performance.! However, this approach does not allow for suppression of 3D details
known to be irrelevant (structured noise).2

Conventional cempate‘dktomagraphy (CT) provides a theoretically tractable rrieans
for isolating questionable tissue patterns in 3D, but anatomiéaf and radiographic
restrictions uhique to mammographic applications present a formidable challenge to
existing (fT séanner designs.>* Recent findings by Niklason et al.’ suggest that digital
tombsynthesis‘may provide significant benefits for breast cancer screening. This
ccnclusion was réinforced by the results of a controlled in vitro study demonstrating
significantly improved sensiiivity for detection of standardized mammography details
bilried in normal breast tissues when displayed in 3D.% However, off-axis projection
constraints required by tomésynthetic imaging geometry necessarily induce spatial

correlations between reconstructed slices, thereby restricting 3D information to regions

outside the associated null space.




2 Experimental Goal

This investigation explores a method for effectiveiy eliminating this shortcoming
through ’the merging of data produced by using multiple orthogonal samgiing strategies.
More specifically, we test the hypothesis that it is pdss;ible to combine data obtained from
twé (or more) tomosynthetic projection series oriented at right angleskto each other to
yield a single composite 3D representation that minimizes the sampling gaps associated
with the intrinsic ;‘oﬁé-sified” reconstruction techniques uriderlying conventional
tomosynthesis.

3 Theoretical Considerations

\ Before we can achieve this objective, we must solve some technical problems. One such problem

is caused by the cone-beam projection geometry used to produce the underlying source projections. All

projections produced from a finite focal-object distance necessarily exhibit significant differences in

projéctive magnification from one slice to the next. For this reason, details in planes relatively nearer the
X-Tay source are magniﬁed more than comparable details located nearer the projection plane.
Consequently, a volume that in reality has the shape of a cube appears as a truncated pyramid when
rendered tomosynthetically in 3D (Fig.1).

This intrinsic scaling distortion poses no significant problems so long as each slice is interpreted
iﬁdependenﬂy. However, when slices produced from conventional projection seqae#ces are to be
régistered with others synthesized from orthogonally oriented sampieé, even relatively small \{ariatiens in

pmjectioh scaling with depth can preclude accurate spatial registration. We chose to avoid this difficulty

by isotropically rescaling each reconstructed slice by an amount calculated to produce unity magnification

throughout the volume. Because the results are identical to those that would have been produced using
affine projection geometry, we coined the term “affinization” to describe this correction procedure.’
Another problem that must be solved is the need for precise registration of homologous volume

elements. We dealt with this problem by attaching easily recognized fiducial points to the object of

interest. Because these points were positioned in fixed known locations, the affinization process described




above was easy to perf‘onn.k Moreover, the reconstruction process was rendered more precise by
eliminating any préjsction inaccuracies associated with rigid coupling §f the object to the projection
system. This simplification arises from the use of these same fiducial points to accomplish the 3D
reconstruction using Tuned—Apertufe Computed Tomography® in lieu of conventional tomosynﬂ:esis.s'é
Finally, precise registration of thé two resulting affinized 3D volumes was accomplished through the
straightforward process of projective superposition.

4  Materials and Methods

This approach was used to image some frozen human breast tissue known to contain calcified
blood vessels and characteristic microcalciﬁcaﬁdns, Mﬁiﬁpie slices of this tissue ranging in thickness from
'10 to 12 mm were stacked and cut into squares that would fit snugly into a 35 mm cardboard film box
raeasnﬁng 38 x 38 x 53 mm. Lead spheres approximately 2 mm in diameter (Y-Spots, Beekiey Corp.,
Bristol, CT USA) were attached to the fqur bottom corners of the box, and four more were attached to the

vertical edges at a distance 38 mm up from the base. This procedure yielded a cube-shaped region

containing frozen breast tissue bounded at each vertex by easily recognized radiopaque markers (Fig. 2). - ‘

This container was raéiographed as shown in Fig. 2 from five discrete angles using a modified
mammography machine configured with a sWiﬁg arm and a digital camera attachment aséd in stereotactic
applications (Deka 16, Instrnmeniarium Imaging, Tuusula, Finland). Note that the position of the box was

shifted laterally slightly between’ successive exposures to assure that all eight fiducial reference points were
always projected onto the region deﬁngd by the digital detector when the position of the x-ray source
changed. The resulting mammogréphic projeétions had angular disparities of apprnximaiely -15°,-7.5°,0°,
?.55, and 15° from vertical. Fivé anteropésterier (AP) images were obtained under these conditions using
défault settings fer kVp and exposure as detefminéd by the automatic exposure system on the machine.
" The box then was rotated 90° about an axis perpendicular tb the front and rear faces of the cube, and the .
Jateral projection series (LAT) was repeated using the same settings. This procedure yielded the two
orthogonal projection sets shown in Fig. 3.
"These two orthogonal sets were used to p:odaée two independent series of 165 temesyntheﬁé

‘slices each. To minimize the introduction of known tomosynthetic artifacts into the reconstruction of

. individual slices caused by unregistered projections of high-contrast structures located outside the plane of




interest, we pséé two different deblurring techniques, one linear and one nonlinear. The linear method
involved the app}‘ication of an iterative deconvolution scheme based on the known point-spread function
underlying the 3D reconstrﬁction pmccssf? The nenlingar method involved minimization of respective
pixel values as ﬁppcsed to the averaging process underlying conventional back-projection algorithms."! It
has been suggested that this expedient may increase observer specificity for radiopaque signals at the
expense of scl',nsitivity.'2 As describéd above, these slices were then affinized individi;ally by proportional
re-projection of each, relative to fixed positions established by the shadows produced from the four
coplanar fiducial points located closest to the plane of the digital detector. Slight inaccuracies caused by
the imperfect placement of the fiducial points on the exact corners of a cube, likewise, were corrected in
“this way, thus assuring that each slice within the confines of the cube \#&S remapped into a perfect square.
Cropping each resultant 3D matrix (stack of slices) to only the volume enclosed by the cube produced two
independent representations of the same volume from the two original ‘orthogonal projection sets. Shifting
corresponding voxel addresses from one matrix such that they reference homologous volume elements in
the other permitte& merging of these independent data sets through simple averaging of corresponding
slices. The resulting 3D matrices were then rendered using either linear averaging or nonlinear maximum-
brightness ray-tracing schemes. The results were a series of conventional-appearing 2D projections that
céuld be selected interécti\éely or displayed in rapid sequence through a series of contiguous angles

E spanning a full 360°. k
5  Results

Fig. 4 shows a series of representative projections prdduccd using a maximum—iarightness

’rendering scheme generated from the merged 3D data and from both unmerged 3D components. For these
examples the underlying slice re;cégstmctieﬁs were the result of linearly deconvoluted back proj:ctians.
They are arranged in such a way that each row shows the effect of a 90° rotation thfaugh an increment of
45°. The middle rcw' illustrates the effect of merging the 3D matriceﬁ seen in the top and bottom rows
produced from the AP ané LAT orthogonal data sets, respectively. Notice that the interslice correlations
pmduced from the limited angular disparity associated with tomosynthetic sampling geometries create

large streak artifacts. These are particularly evident when the 3D reconstructions are viewed at angles

significantly greater (45° and 90°) than the maximum disparity of the source projections (30°) underlying




each of the separate orthogonally sampled matrices. The superiority of the projections proéuced from the
merged data (middle tow) is obvious, especially when compared with Figs. ‘4(5} and 4(c) (top row) and 4(g)
and 4(h) {botmmrow}. Notice also the significant arﬁfactuéi streaking of the high-contrast structures
;:éused by‘the iinear back-projection reconstruction method even in 4(a) and 4(i), the unrotated, optimally
prajécted images. |
| These artifacts appear i}}iich less obvious in the comparable pfogectmns shown in Fig. 5. The only
dsfference betwecn these rendenngs and those seen respectively in Fig. 4 is the use of the nonlinear
minimization algorithm described above instead of iteratively deconvoluted linear back projections for the
underlying 3D image reconstructions. Althaugh these images contain fewer obscuring streak artifacts than
“those seen in Fig. 4, by virtue of their intrinsic nonlinearity they necéssariiy introduce significant errors of
omission that may, or may not, interfere with image interpretation depending on the diagnostic task
invoived. Indeed, the nonlinear méthods used to accomplish the merging process as demonstrated above
- necessarily feject most of the information produced from the 10 basis projections.
| The regults displayed in Fig. 6 illustrate the opposite effect. Here, the reconstructions and
renderings were' accomplished using all linear methodology. This is to say that the merged reconstructions
were derived from iteratively deéonvoiuted back projections, and the resulting projections were rendered
using averaging in lieu of the maximum brightness algorithm underlying the displays shown in Fig. 4.
~ Notice the relative retention of ﬁxed—péttem artifacts intrinsic to redundant projective sampling geometry in
Fig. 6. For example, these blurring artifacts tend to obscure the calcified blood vessel and other diagnostic
~ details in projections rotated significantly from the projection geometry underlying the 6riginai source
‘ projecﬁens. |
6 Discussion
Irrespectivé of the choice of algorithms selected for 3D reconstruction and display, these results
appear to be consistent with our hypothesis that arﬁfacts produced by énisotrepic sampling intrinsic to
~ tomosynthetic projection geumeu'ies can be mitigated through redundant sampling made possible by
- integration of muitiple data sets. Limiting redundant samples to mutually orﬂlaganai projection geometries

as demonstrated in this investigation also assures that the number of required projections for anisotropic

sampling can be minimized. However, there is no theoretical restriction of this approach for minimizing




null spaces that limits the merging of 3D data to those produced soleiy‘ from orthogonal projection

geometries. Indeed, any sampling scheme that permits independent estimates of a common 3D volume to

-+ berealized can be conceivably integrated into a more uniform and, hence, less distorted 3D representation.

" In this instance one can opt to use conventional linear reconstruction and rendering methods that
theoretically retain most of the information contained in the source projections but often obscure desired
details w;th the intrinsic tomographic blur associated with correlated image sampling within a given
projection series. Alternatively, one can employ one or more nonlinear processing options that necessarily
reduce’ the relative amount of infofmation retained with the intent that their use also excludes undesired
information such as correlated blur produced from out-of-focus structures. As demonstrated in Figs. 4, 5,

. anei 6, either option c;;n yield improved 3D image quality at extreme angles through the expedient of
biorthogonal merging of iﬁdependemly sampled sets of projection data.

. The iesidual streaking of high-conﬁast structures from the merged data (middle rows of Figs. 4, 5,
and 6) is likely aggravated by thé fact that the total angular disparity (30°) used to produce each éomponeat
p:ojecﬁon set doés not enéompass the entire range of projection angles (see Fig. 7). We are currently
testing this hypothesis in another radiﬂgréphic application by using a more uniform sampling strategy
involving biérthogaﬁal mergiﬁg, wherein thé use of angular disparities approaching the required 90° is
more easily accomplished.

We also recognize that the simple merging technique demonstrated here most likely is not
optimized for many, if not most, common mammographic applications. We suspect, for example, that
sophisticated strategies based on maximum likelihood criteria might be more appropﬁate for certain
speciﬁé detection tasks. Again, we plan to explore such task-specific options more rigorously in the future.
7 'COSCLUSIONS '

We have demonstrated that it is possible to combine 3D information, derived from two
%ﬁdependent orthogonally eriented sets of x-ray projections, into a single unified 3D image that can be
visualized from any angle with fewer of the intrinsic correlation artifacts associated with conventional ‘
tomosynthetic reconstruction scﬁemes. Moreover, the use of nonlincas methods for reconstruction and
disi:*lay of the resuitisg merged 3D information can produce sharp-appearing renderings from a broad range

* of angles that appear to be all but élinically uninterpretable when rendered by conventional back-projection

7




algorithms. However, rational interpretation of the relatively blur-free nonlinearly processed images as
demonstrated here is appropriate only for specific diagnostic tasks that can be shown to be uninfluenced by

the inevitable information losses associated with these filtering schemes.
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FIGURE CAPTIONS |

~ Fig.1 Diagram sha\ifing distortion of 3D shape produced by cone-beam prajcctiqn

‘ gebmgtry. o .

Fig.2 Diagram showing prdjection geometry and detail of tﬁe breast specimen encased
in a cube-shaped container with fiducial markers.

Fig.‘ 3 Two ‘ihdepcndent series of five x-ray projections of the breast specimen, one
oriented predominantly antéraposteriorly showing a calcified blood vessel (left column), .
and the other oriented predominantly laterally showing multiple adjacent }ayefs of breast
lissue (right column).

Fig 4 Three series of linearly reconstructed (back-projected) images rendered witha

' nonlinéar (niaximum—brightness) ray-tracing scheme shown at various angles comparing
images produced with and without biorthogonzﬂ merging. |

Flg 5 Three series of nonlinearly reconstructed (minimized) images rendered with a
nonlinear (maximum-brightness) ray-tracing scheme shown at various angles comparing |
images produced with and without biorthegenal merging.

Fig. k6 Three series of linearly reconstructed (back-projected) images rendered with a
linear (average) ray-tracing scheme shown at various aﬁgles comparing images produced
with and without biorthogonal merging.

vFig. 7 Diagram showing undersampled regions produced by the 30° angle associated

- with the projection geometries underlying all of the 3D reconstructions in this report.
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Emission tuned aperture computed tomography (ETACT) has been previously shown to have the
potential for the detection of small tumors {<1 ¢m) in scintimammography. However, the optimal
approach to the application of ETACT in the clinic has yet to be determined. Therefore, we sought
to determine the effect of the angular disparity between the ETACT projections on image quality
through the use of a computer simulation. A small, spherical taumor of variable size (5, 7.5 or 10

- mm) was placed at the center of a hemispherical breast (15 cm diameter). The tumor to nontumor
ratio was either 5:1 or 10:1. The detector was modeled to be a gamma camera fitted with a
4-mm-diam pinhole collimator. The pinhole-to-detector and the pinhole-to-tumor distances were 25
and 15 cm, respectively. A ray tracing technique was used to generate three sets of projections (10°,
15°, and 20°, angular disparity). These data were blurred to a resolution consistent with the 4 mm
pinhole. The TACT reconstruction method was used to reconstruct these three image sets. The
tumor contrast and the axial spatial resolution was measured. Smaller angular disparity led to an
improvement in image contrast but at a cost of degraded axial spatial resolution. The improvement
in contrast is due to a slight improvement in the in-plane spatial resolution. Since improved contrast
should lead to better tumor detectability, smaller angular disparity should be used. However, the
difference in contrast between 10° and 15° was very slight and therefore a reasonable clinical
choice for angular disparity is 15°. © 2002 American Association of Physicists in Medicine.
[DOI: 10.1118/1.1500396]

1. INTRODUCTION

Mammography has been shown to be an excellent screening
tool for breast cancer. Although it has a high sensitivity, it

method developed for radiography by Webber et él.é In
TACT, a series of projections is acquired at different viewing
angles about the object of interest. These projections can be

has limited specificity.! In addition, the sensitivity of mam-
mography is compromised for women with either dense
breasts, breast implants, or scarring from previous proce-
dures. Scintimammography using *™Tc labeled sestamibi
has demonstrated both high sensitivity and specificity
(93.7% and 87.8%, respectively) for tumors larger than 1.5
cm.> However, it provides only moderate sensitivity for tu-
mors less than 1 cm in diameter.® Patients who are diagnosed
- with breast cancer at a localized stage experience a higher

" . survival rate than those where the cancer has spread to dis-

tant sites. Thus early detection is pivotal in the treatment of
breast cancer.

Emission tuned aperture computed tomography (ETACT)
is a three-dimensional (3D) approach to nuclear medicine
imaging that has demonstrated the yotentaal for detecting
small tumors using scmtim&mmﬂgraphy ETACT is based
upon the tuned aperture computed tomography® (TACT)

1980 Med. Phys. 29 (9), September 2002
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acquired from any number of arbitrary viewing angles. Sev-
eral fiducial markers are used to infer the projection geom-
etry. These may be anatomical landmarks that are easily vis-
ible on the projection -images but are more commonly
external markers fixed to the object. The only requirements
for a successful TACT acquisition is that the markers be
fixed to the object and that all of the markers be visible on
each of the acquired projection images. By localizing these
markers in the projection images, one can infer the projec-

- tion geometry. The nature of the TACT reconstruction has

been described previously.® TACT has been shown to be use-
ful in a variety of medical applications including dentistry
and mammography.”®

In ETACT, the gamma camera is fitted with a plnhele
collimator and radioactive point sources attached to the ob-
ject are used as the fiducial markers. One configuration of
markers that has been shown to work well is to have four

1980
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markers that are coplanar and to have a fifth marker that is
removed from this plane. A series of projections are acquired
about the object. The fiducial markers are identified in each
projection image, and based on these locations, the ETACT
data are reconstructed as a series of parallel slices. The spac-
ing of these slices is arbitrary and can be selected at the time
of reconstruction. In general, these slices are selected to be

- parallel to the plane containing the four coplanar markers.

The pinhole collimator aids in the detection of small tumors
by providing high spatial resolution and by minimizing the
effect of radioactivity located in organs behind the breast,
such as the heart or the liver. In a previous investigation, a
computer simulation and a phantom study indicated that

ETACT provided higher contrast than planar imaging and
‘that the optimum pinhole diameter was 3-4 mm.> However,

other aspects of the ETACT data acquisition, such as the
optimum choice of projection angles, have yet to be defined.

In some respects, ETACT is similar to the use of multi-
pinhole  collimators®'>  and  rotating  slant-hole
collimators'>™'* for tomography. In these instances, the
choice of projections is fixed by the design of the collimator.
In ETACT, the choice of projections is flexible and can be
selected at the time of imaging. This can be based on knowl-

‘edge of the object being imaged or on practical aspects such

as accessibility to the patient. In addition, in ETACT, the
original acquisition can be augmented with additional views
if so desired. Multi-pinhole and rotating slant-hole collima-
tors were initially proposed for myocardial perfusion imag-

" ing. Limited angle tomography is more suited for the detec-

tion of hot features such as a tumor within the breast than it
is for the assessment of cold features as in the case of myo-
cardial imaging. For these reasons, ETACT holds more
promise than these earlier investigations into limited angle
tomography. '

In the previous ETACT study,’ computer simulations

- ‘were generated with seven projections of the breast: one cen-

tral projection and the other six were evenly distributed in a
hexagonal array 15° from the central projection. In this in-
vestigation, we sought to determine the effect of using a
different angular disparity than 15°.

ll. METHODS

We performed a simulation study to determine the effect
of angular disparity on ETACT reconstruction. The object
was modeled as a spherical tumor of variable size (5, 7.5 or
10 mm diameter) in the center of a hemispheric breast (15
cm diameter). The tumor-to-nontumor ratio (i.e., the activity
concentration in the tumor divided by the activity concentra-
tion in the breast and denoted as “TNT”) was modeled to be
5:1 and 10:1. Five fiducial markers were placed to the lateral
side of the breast. Four of the markers were coplanar and
formed a 5X5 cm square. The fifth marker was out of this
plane by 1 cm. This 3D object was represented as a series of
40 parallel and equally spaced slices. Projections were gen-
erated using a ray-tracing technique.'® We modeled the de-
tector as a 50X 50 cm square so that all projections, including
the markers, were within the field of view. The pinhole-to-
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F1G. 1. TACT reconstructed slices through the simulated breast. {a) Slice
through the four coplanar fiducial markers. (b) Slice through the simulated
tumor. {c} Arbitrary slice thmugh the breast.

tumor distance and the pinhole-to-detector distances were 15
and 25 c¢m, respectively. Three sets of images were gener-
ated. In each set, the first projection was a straight lateral and
the other six were acquired in a hexagonal pattern about the
first, central projection. In the three image sets, the peripheral
projections were 10°,15°, and 20° from the central projec-
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Contrast vs Angular Disparity
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Fic. 2. Contrast vs angular disparity. Contrast of the simulated tumor is
plotted against the angular disparity. Each curve represents a particular tu-
mor configuration. For example, the curve denoted 7.5X10 represents the
results for the 7.5 mm tumor with 2 10:1 tumor to nontumor background.

tion, respectively. The resultant projections were blurred
with a Gaussian kernel with a full width at half maximum
(FWHM) of 4.52 mm, which is consistent with a 4 mm pin-
hole diameter, 3.5 mm intrinsic reseiution, and the above-
mentioned imaging geometry.

We reconstructed the data using the TACT software de-
veloped by Horton and Webber (Verity Software Systems,
Winston-Salem, NC). In each case, the straight lateral was
used as the reference image so that all three reconstructions
were oriented in the same way. We analyzed the three image
sets in a similar manner. The slice through the middle of the
tumor was selected. A 16X 16 pixel region of interest (ROI)
was used to determine the counts over the tumor {TUM).
Two similarly sized ROIs were placed adjacent to the tumor.
The average of the counts in these two ROIs was considered
background (BKG). The contrast (C) was estimated using the
following formula:

C‘_ (TUM—-BKG)
- BKG

The axial distance over which an object converges after
TACT reconstruction is referred to as the axial spatial reso-

1.200
1.000
o0 ﬂ
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020 e A :
0.000 T
0 s 10 15 © o
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Fi6. 3. Axial profiles curves. The axial profile, that is the plot of countsina
point source as a function of axial distance, is plotte& for each angular
. dxspanty tested (10°, 15°, and 20°).
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TaBLE 1. Axial spatial resolution vs angular disparity,

Angle {deg) Axial resolution—FWHM (mm)
10 © 95
15 59
20 4.5

lution. A 16X 16 pixel ROI was placed over one of the four
coplanar point markers. The average counts in the ROI were
noted as a function of slice number for the three angular
disparities. We characterized the axial spatial resolution by
using the FWHM of each resultant axial profile.

ill. RESULTS

Figure 1 shows three of the ETACT reconstructed slices
through the simulated breast: one through the plane contain-
ing the four coplanar markers, one through the middle of the
simulated tumor, and one arbitrary slice through the breast.

~ These data are for the 15° angular disparity case with a 10

mm tumor with 10:1 TNT. The excellent image quality asso-
ciated with ETACT is demonstrated by the fact that the
markers and the tumor are clearly resolved.

The contrast as a function of angular disparity for all com-
binations of tumor size and TNT is shown in Fig. 2. In gen-
eral, it can be seen that the contrast decreases with increasing
angular disparity. The loss in contrast is particularly noted
for the 10 mm and 10:1 TNT ratio. In other cases, the con-
trast changes are more subtle. Figure 3 shows the axial count
profiles for the three angular disparities. The axial spatial
resolution as characterized by the FWHMs of these profiles
is tabulated in Table I. These data indicate that the axial
spatial resolution improves (that is, the FWHM decreases)
with increasing angular disparity. Therefore, reducing the an-
gular disparity leads to a slight improvement in image con-
trast but at a cost in axial spatial resolution.

FiG. 4. Axial and in-plane spatial resolution vs angular disparity. Shown is
how the amount of angular disparity affects the axial and in-plane spatial
resolution. The diamond that superscribes the object defines the spatial reso-
lution associated with ETACT. As the angular disparity is increased, the
axial improves (the diamond is shorter), but the in-plane resolution worsens
slightly (the diamond gets wider).
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V. DISCUSSION

ETACT has previously demonstrated the potential for the
detection of small tumors in scintimammography.’ However,
the optimal manner in which fo acquire clinical data has yet
to be defined. In this investigation, we sought to determine
the effect of angular disparity on image quality. Therefore,
we evaluated its effect on image quality and axial spatial
resolution. Reducing the angular disparity yielded an im-
provement in contrast at the cost of a degradation in axial
spatial resolution. These results would appear to be contra-
dictory. In most tomographic cases, improving spatial reso-
lution yields an improvement in contrast. In SPECT, limited
axial spatial resolution would typically indicate a thicker

slice profile such that the activity associated with the tumor

would be diluted by portions of the slice that do not contain
the tumor. In Fig. 4, two cases with different angular dispari-
ties are illustrated. The small, round objects are noted as
open circles. The angular disparity is noted by the distance
between the two apertures at the top of Fig. 4, thus the con-
figuration on the left has a smaller angular disparity than the
one on the right. The spatial resolution is indicated by the
diamonds that superscribe the two small, round objects. The
vertical length of the diamond indicates the axial spatial
resolution and the horizontal width indicates the in-plane
spatial resolution. As can be seen, smaller angular disparity
yields degraded axial spatial resolution (longer diamond) but
better in-plane spatial resolution (thinner diamond) than does
larger angular disparity. Therefore, the contrast degrades
slightly with larger angular disparity due to a slight reduction
in in-plane spatial resolution, even though the axial spatial
resclution is improved.

For ETACT applied to scintimammography, the detection
of small tumors is more important than the ability to localize
the tumors axially. For this reason, the higher contrast asso-
ciated with the smaller angular disparity would be consid-

~ ered more desirable than improved axial spatial resolution.
Thus, one should lean toward smaller angular disparity. On

the other hand, there was only a marginal difference in con-
trast between 10° and 15° angular disparity, and the improve-
ment in axial spatial resolution was significant. Thus, an an-
gular disparity of 15° is considered reasonable for this
clinical application.

In summary, ETACT has shown the pote:mal for the de-
tection of small tumors in scintimammography. Using 2
smaller angular disparity between the acquired projections in
ETACT was shown to lead to an improvement in image con-
trast but at a cost of degraded axial spatial resolution. The
improvement in contrast is due to a slight improvement in

Medicét Physics, Vol. 29, No. 9, September 2002
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the in-plane spatial resolution. Because improving the con-
trast leads to a subsequent improvement in the signal-to-
noise ratio and thereby tumor detectability, one should lean
toward using a smaller angular disparity. On the other hand,
the difference in contrast between 10° and 15° was very
slight and thus a 15° angular disparity is considered reason-
able for clinical applications.

*'Electronic mail: flahey@wfubme.edu
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Abstract

A simple method has been developed that facilitates the production of spatially
homoiocous three- dtmensxonal (31)) reconstructions of radtowraphxc data using Tuned-
Aperture Computed Tcmography@ (TACT®). This is accomplished by acquiring the
fiducial information essential for projection registration using a separate imaging device
from that uéed for the data to be reconstructed. For example, an optical system rigidly
‘attached to an x-ray source allows for direct inference of the underlying projectién
geometry aséo,ciated with the x-ray beam and detector. This method does not require
accurate knowledge of the position of the camera relative to the x-ray source in order to
produce Coﬁsistent, high-quality SD‘reconstructicns of the object. Correction for any
scaling differences between the two modalities is also not required. We present the
theoretical rationale for this approach as well as a preliminary phantom study. The
mathematical treatment proves the validity of the approach and defines its geometric
'censtraints. A tomographic phantom with external markings that were optically visible
but radiolucent was imaged with a hybrid system that consisted of a digital camera ri gidly
mounted to a mammographic x-ray tube. Corresponding optical and x-ray projection
images were acquired at four different angles relative ‘to the phantom. The locations of
the fiducial markers determined from the optical images were ksuperimposed onto the
corresponding radiographic images without prior calibration or scale correction. The
accuz'acy of the TACT reconstruction performed using these fiducial locations was shown
to be excellent and limited, in this experiment, by the method used to determine the
position baordinates of the fiducial markers. In conclusion, a relatively inexpensive
digital camera can be mounted to a projection-based x-ray machine to generate high- -
’qkua‘iity 3D radiographic images without prior calibration. The power of this approach is
that every radiographic system can be easily converted into a tomographic system by the -

addition of a simple, digital camera without any complicated cross-calibration schemes.




1. Introduction

Tuned—_Aperture Com;juted Tomography® (TACT®) is a new three-dimensional -

(3D) imaging technology that allows a 3D data set to be generated from multiple two-
dimensional (QD) radiographic projections. (Webber 1997) Whereas most other
projection-based methods for generating 3D data require a stable or rigid projection
scheme, these projections can be taken from campie{eiy random angles and positions.
' The;fact that TACT can accommodate 2D images produced from random or even
unknown pfojection angles is important because it greatly simplifies the reconstruction
process and produces accurate and precise 3D images having properties that can be
custom tailored to a large variety of diagnostic uses. Such advantages are particularly ‘
important for biomedical applications because inevitable patient motion and concerns for
mitigating dose ultimately limit task-dependent sampling strategies. TACT has been
successfully applied to a variety of medical imaging applications including dentistry,
mammography and nuclear medicine. (Webber 1994, Webber 1997A, Webber 2000,
Fahey 2001) | ‘ |

 However, these potential advantages come at ihe cost of inferring the underlying
3D-projection geometry from fiduciary measurements obtainable from each 2D
- component projection. A minimum number of fiducial relationships must be obtained for -
3D reconstruction depending on the number of degrees of freedom uhdef{ying the
sampling geometry used to produce the original projections. (Webber 1997B, Webber
2001) This required information may be determined from the projected positions of a set
of fiducial point markers strategically placed about the ébjeét and visible on all of the

acquired projections. These markers may be intrinsic, anatomical details that can be

- recognized individually in each projection, but more commonly are extrinsic markers -

attachéd to the object near the region of diagnostic interest with high contrast and hence,

are easily fecogniz’abie in each prajection. We have shown previously that it is possible ’
to reconstruct 3D images unequivocally from any spatially unconstrained series of

| individual prejec{iéns provided each contains up to six appropriately distributed and

individually recognizable reference points. (Webber 1997B, Webber 2001) However,

when these many points are extrinsically attached to the object, they may introduce




!

significant problems with image interpretation. Since they must be identifiable on all

' -ps ‘ojections, they may obscure certain regions of potentlai drasnastlc interest on at least
some of the projections. Conversely, if they overlie a region of signal density
“:comparable to their own, it may be very difficult to localize them, thus precludmﬂ their
requzred localization in all projections.

This report describes a new approach that eliminates both of these basic
shortcomings through hybrid imaging; that is, the use of two separate but spatially
coupled imaging modalities, one for acqaifing the tomographic data and the other for
acquiring the fiducial information. For example, a conventional digital photographic
camera can be coupled to a digital x-ray system in such a way that it photographs fiducial
patterns that are highly visible but radiolucent and are fastened to the object near the
region of diagnostic interest. Since the pattems are radiolucent, the difficulty in isolating

the fiducial information from the radiograph is ehmmated The only information

required from the resulting photooraphlc 1mages is the precise recording of the fiducial
information. High-resolution ‘photographic images of the fldumaf patterns can be
.efflc;ently produced with very high signal-to-noise ratios. This Greatly SImpiiftes the
challenge of developing software to automatically track and process projection
information essential for accurate 3D reconstruction using the TACT algorithm. (Wébber
1994; Webber 1997B, Webber 1999) The image data must be acquired in a synchronized
fashion such that each projection is represented by an image pair, one photographic and ;
one radiographic. This constraint assures that the photographs of the fiducial patterns can
be appropi’iateiy convertedk into the information required to reconstruct the underlying
radiggfaphic projections into a unified 3D x-ray image. Beyond a few other geometric
constraints that will be speéified, no calibration need be performed to generate a
ce’nsistent’ 3D x-ray image. The exact geometric relationship between the two imaging
modalities need not be known and no correction need be applied for the difference in
scaling vbetween the two systems. We present a mathematical treatment in the next
section that discusses the geometric rationale underlying this scheme defining the ’
geometric constraints necessary to lead to the reconstruction of a consistent data set. This

is followed by a preliminary phantom experiment that ciemonstfates the feasibility of the |

concept.




2. Theoretical Rationale

in this section we piowde a mathematical foundation for our expeumentai work.
| ~We begin by mnoducmv the notation and terminology that allows a precise statement of
the reconstruction problem. An important first step is to define what it means to obtain a
ausable back-projecrsosz scheme based upon the camera’s point-of-view iather than the x-
ray source’s point- -of-view. We then present a general theorem descnbmg how the set of
camera positions must be related to the corresponding set of source positions in order to
achieve a usable back-projection scheme. We illustrate the theorem with several
exarﬁpiés, one of which corresponds to the projection geometry assumed duiﬁég our
phantom study. Finally, it is reasonable to expect that our reconstruction will distort some
- aspects of the original object. We provide a detailed discussion that shows that this
distortion is not serious. In fact, horizontal slices of the original object transform to
horizontal slices of the reconstructed object, and the transformation between these slices
involves only a rescziling and a shift. Hence all features in a reconstructed slice are
similar to those in the corresponding original slice and important features in the original

object will still be easily recognizable in the reconstruction.

2.1 Definitions

Assume that n x-ray images are created. To back-preject each image in the
standard way we must discover the relative positions of the X-ray source, the object, and
the image plane for each imagé. In all thai follows we assume that the image plane is the
x=-y plane in S{anéafc% Euclidean space, 9R*, and that all méésurements are made
relative to this frame of referen;:e. Further, by previous work we know that we can
asSume, without loss of generality, that the patient maintains a fixed position relative to

the image plane as the images are created. Webber er al. described how images created

with uncoupled image plane, patient and source can be transformed to this simpler case.
(Webber 1997A)




Let P:={p,, p;,., p,} represent the positions, in R*, of the x-ray source during
the creation of the n images. The corresponding set of camera positions is represented by
P':={p,p;.....p,}. Given an arbitrary point, x, in the object, we will refer to the

associated image points, that is the projection of x by {p1, p2...pal, as {u,uy,u, ). OF

- course, each u; is simply the intersection of the line p ;x with the x—y plane, and itis -

clear that the lines p,u,, p,u,,..., p,u, are concurrent at the point x . This configuration is

shown in Figure 1. Our alternative back-projection scheme must correlate the image data

in a similar way with p,” substituted for p,. This motivates the following definition.

Definition: P’ provides a usable back-projection scheme relative to P if and only if,

.given any point, x, and its associated image points, {i,,u,,...,u, } , then the lines

P\Uy, Pyl ..., poi, are concurrent at a point x” .

The central theoretical problem can now be stated as: Given a set of source

points, P, find a geometric characterization of the associated set of camera points, P’

such that P’ provides a usable back-projection scheme relative to P.
In order to state the upcoming theorems in their broadest sense we must allow the
concept that parallel lines meet at a point at infinity, and thus any two coplanar lines must

intersect. This approach is common in projecti ve geometry and allows a more unified

- presentation of ideas. We will see in later discussion that this does more than simply

allow dn interesting abstraction. In fact, the primary practical applications of our
theoretical statements, including our experimental data, involve exactly these geometric

situations.

Theorem: P” provides a usable back-projection scheme relative to P if and only if P

and P’ are perspective with respect to the image plane, i.e. if and only if given any

1<i< j<n the corresponding lines p,p ;and p’.p’ intersect at a point on the image

plane.




The proof of this theorem is included in the appendix. Two corollaries follow quickly
from this theorem. The first gives an additional criterion for visualizing the sets P and
P’, and the second verifies that an appropriate geometry was used during our data

collection.

_Corollary 1: If P’ provides a usable back-projection scheme relative to P, then P and

P’ are perspective with respect to a point, i.e. the lines PP, D2Dysess D, P, intersect at a

point ¢.

Remark: It is important to notice that it is necessary, but not sufficient, that the set of

source péints and the set of camera points be perspective with respect to a point.

‘Corollary 2: If P and P’ describe similar polygons with parallel edges where both

polygons are horizontal with respect to the image plane, then P’ provides a usable back-

projection scheme relative to P.

‘Remark: If the corresponding edges of the two polygons are parallel, then it immediately

follows that the polygons are similar.

2.2 Evaluating Distortion in the Reconstruction

1In this section we assume that P’ provides a usable back préjec[ion scheme
relative to P » and we investigate the relationship between the original object, which
would ideally be located via the back-projection associated with P, and the
reconstruction using the back-projection scheme associated with P’ . We will see that a
horizontal slice of the ori ginal object must correspond to a horizontal slice of the
reconstructed object, aiihoﬁxgh possibly at a different height. Moreover, the
transformation from the actual slice to the reconstructed slice will include only a
rescaling and a shift, i.e. a Similarity. Thus objects in an actual slice will be transformed
to simi?ar objects in the reconstructed slice, and \ﬁrill be clearly recognizable. The

following theorem provides the details Tor both of the above statements.

»




Theorem: Suppose that P’ pmvxdes a usable back projection scheme relative to P, and

-that x= (x y,z) and x=(x,y ,z) are conespondmg points in the original object and its

reconstruction,-respectwe}y. Then there are constants k,h, and &’ , which depend only

on P’ and P such that I - =k} £ . (Typically, i and h’ will represent the heights
-7 1-Z ;

of selected points in P* and P.) Moreover, there is a shift vector, s, and a scalin factor, -
dp g .

‘A, which depend onlyon P’, P, z,and z', such that x'= Ax+s.

- The proof of this theorem is included in the appendix. This relationship simplifies
~ considerably when we con:svide‘r special cases. For example, if P and P’ represent

parallel congruent polygons in a horizontal plane at height h, as in our data collection,

then we deduce that z=7" and x"=x +}Z-(p§ 2 )
1

23 Aéséming an Affine Projection Geometry

In many applications it is reasonable to assume that the x-rays passing through the .
object are par allel. This affine geometry makes sense, for example, when the source-to-
image distance is large relative to the object-to-image distance. Assuming an affine
geometry iﬂiroduceé several significant simgiiﬁcatfons, First, at most four fiducial
reference points are needéd to process the image data even when the source, the object,
and the image detector are completely uncoupled. When the patient and the image plane

 are rigidly attached, then only one reference point is needed.

All of the results in the previous sections can be adapted to this simpler situation. We
state these adapted results without proof. Note that the sets P and P’ now represent
points at infinity, or they can be represented as sets of direction vectors p=(p,, p,.h).

The constant height /4 is arbitrary, but /=1 is a convenient.

*




Theorem: P’ provides a usable back-projection scheme relative to P if and only if P

’and P’ are similar poiygons with parallel corresponding édges.

For this situation the TACT algorithm is at its simplest. The image of a single fiducial
-reference point, x, will be a set U ={u,,...,u, }, which must describe a polygon similar to

both P and P’.To perform the reconstruction of a slice let ¢ represent any point in the
plane, shift all of the images by proportional amounts towarés ¢, and then average the
results. Notice that if the set U , and its center of gravity are shifted by any amount in the
image plane, then the reconstruction algorithm will still work since the shifted U ‘siimpiy
represents the image of a hodzénta}iy shifted fiducial reference point. The slices of the
first reconstruction will exactly correspond to slices of the second reconstruction as long
as the shifts towards the arbitrarily chosen point are proportional. Similarly, if we shrink
or stretch U to create a similar polygon, then the reconstruction will still be valid, since
the rescaled U now represents the image of a fiducial reference at a different hei ght.
Moreover, the original reconstruction slices and the new récenstruction slices will be

identical as long as the shifts towards ¢ are equal.

3. Methods

We performed a simple phantom experiment to demonstrate the feasibility of the
technique and to illustrate how this approach may be applied in a simulated, clinical |
setting. A tomographic phantom was fixed to the imaging plane. This phantom consists
of 12 radiopaque, numeric characters (integers) imbedded in plastic at different heights.
Each number is 1 mm thick and the center-to-center spacing between the numbers is
~approximately 1 mm. The x-ray source was constrained to move in an arc above the
image plane, and a photographic, digital camera (Sony Cyber-Shot DSC—PI)’ was rigidly
attached to the x-ray source from a digital mammographic device (Instrumentarium :

Alpha 1Q Delta 16) such that the vector representing the displacement difference between

the x-ray source and the camera remained fixed. A photograph as well as a schematic




 illustrating this configuration are shown in Figure 2. The level of the lens of the digital

camera was adjusted so that its vertical distance from the x-ray detector was 60 cm and
was within a centimeter of being the same as the focal spot of the x-ray tube. It was

approximately 40 cm from the top of the phantom to the x-ray focal spot. The distance

- between the x-ray focal spot and the lens of the dleiml camera was unknown. The

camera was oriented so that the complete region of interest on the x-ray table could be
photographed without obstr uction by the collimating apparatus attached to the X-ray tube.
A photograph of the phantom is shown in Figure 3A. A piece of paper with 4 markers

drawn on it was fixed to the top of the phantom such that these markers were coplanarto

~ the imaging plane. Two addmenal visible markers were placed 7.5 cm above the

phantom. Only one of these markers was used in the TACT reconstruction process, the
other intended for future investigations. ' |

The projection geometry requires that the angle assumed by the photographic
camera relative to the object be unchanged from one projection to the next. The phantom
was imaged from multiple angles using a digitaf, mammographic unit. This censtraint is
clearly not met when the camera is fastened rigidly to a tilting tube head as shown in
Figure 2. One solution to this problem would be to “level” the camera physically
between projections. However, the same can be realized analytically by means of a
projective transformation of the resultant photographs. We chose this alternative because
of its advantages for simple adaptation to existing x-ray equipmen{ This projective
correction entailed mapping the four coplanar markers seen on all the photographs of the
phantom into those posﬂ;{}ns that were seen by the camera at some reference position.
This reference pesm{}n was chosen to be when the camera was dn‘ectly above the
phantom.’ This correction was accomplished prmr to determining the relative
displacements of a fifth marker located above the phantom that was used by the TACT
reconstruction algorithm for establishing respective tomoSymhetic shifts required for
proper back-projection. It should also be noted that the x-ray source moved in an arc and
thus was not always constrained to the same plane as prescribed by the theory. However,
in this exﬁeﬁment, the source traveled on 15° from vertical and the potential amount of
distortion introduced was prédicted to be a small fraction of a millimeter, and thus

considered to be inconsequential from a practical sense.
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No attempt was made to directly measure the projection geometry of the system.
All of the required 3D information was inferred from the associated photographic images
of the fiducial markers as seen by the digital camera. These i 1mages were paired with
projection radmgraphs produced at 4 arbitrarily selected angles measured parallel to the
constrained linear motion of the x-ray source and perpendicular to imaging plane: -15°, -
10°,-5°, O". A representative phbtoﬂraph!radiecraph pair is shown in Figures 3, after
iectzve cropping to restrict their extents to the region of interest. The location of one of
the fiducial markers was noted on each of the 4 photcgraph;c 1mages. These locations
were transferred to the corresponding radiographic images without correcting for the
difference in scale between the two sets of images. The data were reconstructed using the:
TACT method with these marker locations to determine the apprapriate amount to shift
each projection prior to addition. In other words, the radiographic projection data were
back-projected using the transferred photographic marker locations and no information
inherent to the radiographs themselves. The resulting 3D reconstructions (tomographic
- slices) were checked for registration precision and inter-slice linearity. By noting the
observed distances between thimai.Iy converged reconstructions of the sequentially
distributed radiopaque integers in thekphantom and comparing them with the known

spacing allowed us to check the inter-slice linearity of the reconstructions.

4, Results

Figure 4 shows a selection of back-projected slices through the phantom using
reconstruction parameters determined exclusively frem the photographic images. The fact
that the integers (“1”in Figure 4A) appear to be in proper focus when a fixed inter-slice
distance was selected for reconstruction assures that the observed distance between the
integers is proportional to the actual fixed distance built into the phantom. Note also the
hi gh degree of spatia‘i convergence associated with the reconstructed pl planes containing
each mdwzdual test mteger This demonstrates that the locations reqmred by the TACT

recenstructzen aiaonthm can be appropriately inferred from the photographic data. An

even more stringent demonstration of the registration accuracy resulting from this hybrid




method is shown in Figure 4B. In this figure, isolated particulate debris located on the
~surface of the tomographic phantom is clearly imaged. The clarity of the reconstruction
of these tiny particles demonstrates a level of precisien-that approaches the resolution
limit of thé interactive system we used to visually identify the respective pes?tians of the
fiducial markers. - |

No information inherent to the serics of radiographs was incorporated into the
‘reconstruction process. O:ﬂy information from the corresponding photographic images
‘was used. These data clearly démenstrate that the TACT algorithm can use information
derived from a second (radiolucent) modality to produce linearly 3D reconstructions from
radiographic projections. No cross-calibration between the modalities or correction for
- scale differences was necessary to generate a completely consistent, tightly coﬁverged,
and linearly distributed set of reconstructed slices. In addition, it was not necessary to
know the éistané‘e between the focal spot of the x-ray tube and the lens of the digital
camera. In this expe’riment’ the only required geometric constraints were that the digital
camera be fiked to the x-ray tube such that the diséiacement vector between the two is

constant, the optical markers be fixed to the phantom, and the phantom be fixed to the x-

ray detectef

5. Discussion

We have demonstrated the potential for using hybrid imaging information to
pi‘oduce high qnaﬁi{y, spatially homologous TACT reconstructions. This greatly
simplifies the data acquisition process for TACT. Any radiographic system can be
converted into a tomographic device by simply mountmg a digital camera to the system
and applyma some visible external markers to the object. The reconstruction software is
simple and can be easily implemented on a standard personal computer. This approach is
nbt only simple but it eliminates the ambiguity tﬁat is sometimes introduced into the
TACT reconstruction process by the overlying of radiopaque markers onto features of

diagnostic interest. The mdropaque marke:s previously necessary for TACT are now

*




replaced with markers that need only be visible when vxewed in digital photographs
acquired simultaneously to the radiographic projections. This simplification of the TACT
method substantially widens the range of clinical applications to which it can potentially
be applied. -

" Our mathematical treatment indicates that fiducial data acquired from an offset

system can bekappropz‘iatefy applied during the back-projection process without specific

- knowledge as to the geometric relationship between these two devices. Therefore, no

cross-calibration to describe either the geometric relationship or scaling differences
between the two systems is required. Although these data are reconstructed consistently

without cross-calibration or scale correction, it is not possible to determine the absolute

location of a pérticular slice. As noted in the mathematical treatment, even if the data are

scaled correctly, the back-projection will be consistent but will not correspond to the
same back-projected point in the photographic image set and may even be in a different
parallel plane. Although we attemgtcd to keep the lens of the digital camera in the same
plane as the x-ray focal spot, if we did not succeed, then we will be reconstructing
slightly different planes. | , ‘ |

In addition, if we do not correct for scale differences between the two data sets,

the set of projected marker locations will define polygons that are similar but of different

~sizes. This will also lead to the reconstruction of different planes. In conventional

TACT, adding the projection data without shifting reconstructs the image plane. Shifting
the data such that the locations of the fiducial markers align, leads to the reconstruction of
the plane that contains the fiducial marker and is parallel to the image plane. Shifting the
pfojection data a set fraction of the amount necessary to align the projections of the
fiducial marker, leconstructs a plane that is parallel to the i image plane and is that fractlon '

of the distance between ihe image plane and plane containing the fiducial marker. For

example, shifting 1/3 of the distance will reconstruct the plane that is parallel to the

image plane and is 1/3 of the distance between the image plane and the fiducial marker.
If the polygon resulting from the marker projections in the photographic data is similar

but smaller than that for the radiographic data, then the data will also be shifted a set

fraction of the distance necessary for the reconstruction of a particular plane in the




radiographic data set. Therefore, the resultant reconstructed plane will be parallel to this
plane but will be closer to the image plané. “

In many ciinicai appiications where tomography may be applied, the highly
con51stent 3D recenst;‘uctmns pr{}vxded by this approach are more than adequate and
.absolute knowiedge of the exact location of a particular slice typically is not necessary.
For example, tomography may allow the breast imaging‘specialist to determine that the
- microcalcifications seen on the 3D mammogram align along a blood vessel and thereby
3id in the diagnosis whereas the exact distance those microcalcifications lie above the
image plane may not be particularly useful. Therefore 3D radiographic data of clinical
import can be obtained using the approach described without any cross-ca libration or
scale correction between the photographic and radiographic systems. However, we are
currently investigating the use of a simple calibration scheme that will allow accurate
 localization of the reconstructed slices as well as correcting for the fact that the acquired
projections are not affine as is inherently assumed in the reconstruction process.

In conclusion, we have developed a simple scheme that uses a hybrid imaging
system consisting of digital photography and rad;ographic systems to acquire the fiducial
“information and projection data, respectively. We have presented a mathemancal
treatment that indicates that highly consistent reconstructions can be generated from these
data w;thout any cross-calibration or scale corrections between the two systems. There
are some simple geometric constramts presented in this treatment that can be easily
implemented in a clinical environment. We presented the results of a preliminary
phantom experiment that demcshsta’ated the feasibility of the approach and how it may be
applied in a clinical environment. This approach to TACT prowdes an extremely simple

method of 3D radiographic such that any radiocraphzc unit could be easily converted into

~a tomographic device.
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6. Appendix

- Theorem: P’ provides a usable back-projection scheme relative to P if and onlyif P

and P’ are perspective with respect to the image plane, i.e. if and only if given any

1<i< j<n the corresponding lines p,p jand p’.p’ intersect at a point on the image

plane.

Proof: Suppose {haf P provides a usable back-projection scheme relative to P . Let

1<i< j<n.Let xand x represent an arbitrary point and its back-projection, as

——

described above. Since the lines p,u, and p ;ji; intersect at the point x, then the points

P> P-4, u; must be coplanar, and similarly for the points pi’,pj’,ui,uj. These two planes

—

intersect along the line u,u; . Since they are coplanar the lines p,p jand wu; will meet
at some point ¢ in the x—y plane, and similarly the lines p":p; and wu; will meet at

some point ¢”. Notice that ¢ and ¢ are independent of the choice of x, since they are

determined by the intersections of the lines p,p ; and p’.p’ with the image plane.

—

However, u,u; contains both ¢ and ¢’, and since this line changes as x changes, it must

——

be that ¢ = c"and that the lines u,u ;j pivotaround c as x change's. Hence, the lines

—

p,p; and p’;p intersect at a common point on the image plane.
Conversely, if the line p,p; meets the line p'g.p;. at a point ¢ in the image plane,

then the pro;g;;tmnsgf any .x onto points u,,u; will imply that the points p;, p’,u,,u ; lie

——

in the plane spanned by the lines wu; and p’,p’ . Thus the lines p’u; and p’;u; arein

a common plane and must meet at a point x”. This argument works for all pairings with

1<i< j<n,soall such lines are concurrent in pairs. It follows that pu,, pits ..., pLi,

are all concurrent at the point x’.

Q.E.D.




Theorem: Suppose that P’ provides a usable back projection scheme relative to P, and
that x=(x,y,z) and x’=(x’, ¥’,2’) are corresponding points in the original object and its

reconstruction? respectively. Then there are constants k,h4, and i’ , which depend oniy

3

on P’ and P such that =k
fs -z h—7z

(Ty;};ca ly, h and I’ will represent the heights

of selected points in P" and P .) Moreover, there is a shift vector, 5, and a scahnfJr fac£er

,?L which dependoniyon P, P, z,and 7, such that;: Ax+s.

~ Proof : First consider the point x = (x, ¥,2) in the original object, which the sources
pyand p, project onto the points u,and u, . Without loss of generality, p, lies on or
above the horizontal plane containing p, - For the purposes of this discussion we assume

{hat itis strictly higher because this represents the more difficult case. Let D, represent

the mtersectxon of the line _p,ui with the honzentai plane containing ps and let A

represent the height of th:s plane. Then a simple application of similar triangles shows

that
nifz —%in =—% and nui __C_R =P e w}aere Dis represeﬁ{s the third component of
lp.=B| h-z " |p.-B] h-p, )

_ ll”z "“l“ Py
h-—z Hss, —c[l h—p;

p, - These formulae combine to give

A similar formula holds for the hei ght of the reconstructed point x”and we deduce the

EA

, ’ } ‘
relationship —,z——, {p 3 27 P }—i— This describes a 1-1 correspondence between
h -z P W —pl, |k

z and z’, and the expressien in brackets depends only on the properties of P and P'.

In the case that p,and p, are at the same height, our theorem implies that p,’and p,’

describe a segment that is parallel to p, P, » but possibly at a different height. The

16




intersection point, ¢, is now at infinity, so the previous derivation is no longer valid, but

a straightforward similar triangles argument yields L Lp 2 —p L I _z .
‘ K-z lpy-pillJi-2

Now hold z and z” constant and focus on the transformation of one horizontal slice to

another. To describe this transformation we only need to follow the line from p, through

an arbitrary point x in the plane at height z, find the coordinates of its image point 1,

and then follow the line zs?,_'; until it crosses the plane at the height z”. A precise formula

for this transformation is x’ = h —;z h ) [k —,Z : \p,+ % p5, and we
, A h-z . ANh-z) " K]~

have verified the existence of an s anda A with the desired properties.

QED
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Figure Captions

Figure 1. Geometric Confi guration. Consider 3 x-ray source points P := pl,p2,p3 ahd an’
arbitrary source point within the object, x. Also note 3 camera position, P’ izpl ’,p2’,p3’,
that correspond to P.  The projection of x onto the image plane by the x;ray source points
yieids U :=ul,u2,u3. If we back-project from U to 3 camera positions, P’, and they éii
pass through a common point x’, this is considered to be a usable back-projection

scheme.

Figure 2. Photograph and Schematic of Experimental Configuration. The tomographic
phantom is placed flat upon the digital detector. The source to detector distance is 60 cm.
The digital camera is rigidly meunted to the x-ray tube and is placed at a slight angle

such that the entire phantom with f;dumal markers can be imaged in each projection.

Figure 3. Hybrid Image Pair. A. The photograph of the phantom with markers.. A piece -
of paper with 4 markers was placed on the top surface of the phantom such that these are
coplanar and parallel to the imaging plane. ‘These coplanar markers were used to apply a

projective transformation to the photographic data to correct for the fact that they were

acquired at varying, slight angles relative to the image plane. Two additional markers are

placed 7.5 cm above the phantom. One of these two was used during the TACT
reconstruction precéss. B. Corresponding radiograph. The markers in A are totally
radiolucent, and thus are not visible on the radiograph. Each radiopaque number is

located on a different height above the imaging plane. The center-to-center distance

- between the letters is approximately 1 mm.

Figure 4. Selected Reconstructed Images. A. The plane though integer “1.” B. The

plane through the flat surface of the phantom showing highly resolved particulate debris

indicating the quality the resultant reconstruction.
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Abstract:

This paper describes a unique system for constructing a three-dimensional vol-
ume from a set of two-dimensional (2D) x-ray projection images based on optical
aperture theory. This preprietarjf system known as Tuned-Aperture Computed
Tomography (TACT) is novel in that only a small number of prajections acquired
from arbitrary or task-specific projection angles is required for the reconstruc-
tion pI'OCeSS;. We used TACT to reconstruct a simulated phantom from seven 2D
projections made v#ith the x-ray source positioned within 30 degrees of perpen-

- dicular to a detector array. The distance from the x-ray source was also varied
to change the améuiit of perspective distortion in each projection. Finally, we
determined the reconstruction accuracy of TACT and compared it to that of a
conventional tomosynthesis system. We found the reconstructéé volumetric data
sets computed with TACT to be geometrically accurate and contain significantly

less visible blurring than a similar data set computed with the control technique.

Keywords: tomosynthesis, tuned-aperture computed tomography, TACT, limited angle

tomography, cone beam.




1 Inti*aductien

Tuned-Aperture Computed Tomography (TACT)[1] is a task specific three-dimensional (3D)

- imaging and reconstruction technique. TACT reconstructs a 3D volume from a set of two-

dimensional (2D) x-ray projection images. The difference between TACT and other trans-
mission,rad’iographic‘ systems is that the 2D images used in the reconstruction process are

é,cquired without geometrical constraints. Specifically, the relationship between the x-ray

'source, object, and detector array is not fixed as in conventional computed tomography (CT),

‘C-arm, tomosynthesis, and cone-beam systems. Geometry-free imaging holds the promise of

generating accurate 3D volumetric image sets in a variety of situations that currently use

2D x-ray projection images.

TACT is a generalization of témesynthesis, which refers to a variety simple reconstruction
techniques that compute a 3D volumetric image representation from multiple 2D projections
of an object [2, 3, 4, 5, 6, 7). A renewed interest in tomosynthesis for medical and other

applications,‘ such as non-destructive testing has been spurred in recent years by the advent

‘of 2D solid-state digital imagers.

TACT and tomosynthesis are distinct from CT in that tomosynthetic volumes can be
reconstructed from a small number of projections (typically fewer than 20) and the projection

angles are restricted (usually less than 30 degrees from perpendicular), leading to a finite

| imaging aperture. In CT, volume images are reconstructed from many projections (typically

greater than 1000) and the projection angle is 90 degrees, leading to an infinite imaging

aperture. The imaging apertufe for these different systems is shown schematically in Figure -

1.

- Reconstructions arising from data sampled from finite imaging apertures as exemplified in

Figure 1 by TACT and circular tomosynthesis, necessarily produce undersampled volume




representations. When reconstruction methods based on continuous geometric approxima-
‘tions are applied to such restricted data sets, they tend to produce significant inaccuracies.
Mere specifically, reconstructions based on the Radon transformation usually are unusable
‘because the resiﬂting anisotropic projéction samples associated with finite apertures usu-
’aﬁy lead to a poor approximation of the transformation integral. Fourier-transform based

reconstruction methods also fail when an insufficient number of frequency-domain samples

is acquired[8].

Because reconstruction methods based on isotropic ap@roxifﬁations are not appﬁcabie to
f;ombsynthesis and TACT, other methods characterized by varying amounts of Spaﬁai Cross-
correlation are employed. These reconstruction techniques use some form of the backprojec-
tion algorithm to approximate the imaged volume. The basic idea is to smear each projection
through the reconstructed volume along the same path from which the respective projection
was acquired. Therefore, the projection imaging geometry must be‘known prior to recon-
struction for the backprojection to accurately reconstruct a volume {Q, 10]. In tomosynthesis
this imaging geometry is fixed and known prior to exposure, whereas in TACT the imaging
geometry may not be fixed and/or may be unknown prior to exposure. To overcome the
unknown and non-fixed iniaging geometry reconstruction requirement, TACT incorporates
a set of up to six ﬁdﬁcia& markers that are purposely made visible in each projection image.
These fiducials are used to compute the imaging geometry [11] for each projection. Once

the imaging geometry is known, an extension of the standard tomosynthesis reconstruction

method can be employed.

This paper presents a mathematical foundation for computing the unknown imaging ge-
ometry in the general case (no orientation or location restrictions other than complete rep-

resentation by a perspective projection matrix). It incorporates a geometric interpretation

of this matrix formulation, an implementation, and test results. Additionally, we compare




the tomosynthetic volume generated with TACT to a volume generated with a conventional

tomosynthesis reconstruction method using the same set of 2D projection images. The ge-

ometric accuracy of the TACT system is verified experimentally on a simulated phantom. -

| Fihally, visually obvious differences in the 3D ‘ixr‘la,ge of the p}gantom produced using TACT

are noted relative to a control image generated tomosynthetically. Basic theories for deter-
mining any projection-based imaging geometry from multiple fiducial points are presented

in [12, 13]. The underlying derivations are restated here in a more restricted context de-

‘signed to make the derivations more tractable and obvious to those desiring to implement

the equations in radiographic applications. Furthermore, we derive an explicit baékprojec—

tion equation that is related to the forward projection while ’[12] presents several methods

to compute only the gécsmetry.

2 Methods

In this most general implementation of TACT we acquire a set of projection images of an ob-

ject conﬁgtzred with six fiducial markers that have a fixed and known geometric relationship
ﬁo each other. The locations of the’ fiducials in each projection imagé are then determined.
These locations and their carréspondence to the fiducials on the ob ject are used to compute
the elements of a perspective projection matrix for each projection, which represents the un-

known imaging geometry. The perspective projection matrix then is used in a backprojection

'scheme wherein a set of 2D focal planes through the imaged volume is computed. Finally,

the Backprajected volumes of each projection are combined to form a single 3D volume.

In this section we describe the algorithm for determining the perspective projection matrix

- representing the unknown imaging geometry and how this matrix is used in a backprojec-

tion scheme. We assume the fiducial locations in each projection image are known and the

correspondence between fiducials on the ob ject and projected image are also known.




In a perspective projection situation, the imaged object is positioned between the detector
and the x-ray source. The x-ray source is positioned sufficiently far enough é,bove the object
so beams pass through the cbject including the fiducial markers and intersect the detector.
The soﬁrce is alsé positioned suﬂicientiy dcsée to the object sd that perspective distortion is
significant in each projection image. Figure 2 shows the perspective projection geometry for

a simplé configuration of fiducials corresponding to six of the eight corners of a unit cube.

To reconstruct a volume from projections with perspective distortion, we must determine
the location of the x-ray source. Let P = (P, Py, P;) be the unknown location of the x-
ray source, )E: = (x;,9;,7) be tile unknown locations of the kﬁdﬁcia}s,'and U; = (us, ;) be
the known (measured) location of the fiducials projected onto the detector. We can write
an equation relating the fiducials, projected points, and source location, also known as a

forward projection, in parametric form as:

-

| L&=P’+t(§§—}3’).
Rewriting this equation in terms of the individual components of the vectors,
w=P+t(z;—P:), =P, +t(y;—P,), 0=P.+t(z—P,) (1)

* where we have assumed, without loss of generality, that the detector array lies on the z =0
plane. Solving these equations for t, we find

P
T P,—z

z
~ In this equation P, corresponds to the z-component of the x-ray source, which must not be
zero or equal to z;. Physically, this means the x-ray source cannot lie on the plane of the

detector or at the same value of z; as any of the fiducials. Substituting this value of ¢ into

eqﬁa:tion 1 and after some algebraic manipulation, we get

' P,_:;:F- — Pzz;: P,yf - I:’f_,;zii
e L ai nb L = | =¥ 9
U ( P, -2 ) Y ( P,—z @)

%

3




The division by P, -—zg makes these equations non-linear making it difficult to find a solution.
Foréunatéy, we can make these equations linear by repreéenting the quantities in a projective

- space, also known as homogeneous coordinates. In a projective space formulation,

{2

w . |
O=| v |, Xi= il and A= P, — z,.
1
\ 1)
Then,

P.xz; — P,z

;= | Py, — Pz | =PX; ®)
P, - zi

where P is the forward perspective projection matrix and

P, 0 -FP, O
P=10 P -P, 0
0 0 -1 P,

With TACT, the x-ray source, object, and detector can be arbitrarily positioned when
making a new perspective projection. We can simplify the analysis by noting that moving
the object and source relative to a fixed detector can generate any projection. In this case,
“after applying a rigid body transformation to the object and fiducials in the projective space,
we get,

X = X, =RX,
“where R is a 3 x 3 orthonormal rotation matrix, T is 2 3 x 1 translation vector and 0 is
~a 3 x 1 null vector. Substituting this representation of }E:i into the perspective projection

equation (3) we get,




MU; = PRX; = AX,
- where A is a 3 x 4 forward perspective projection matrix,

Q11 Qiz Qi3 Gug
A= do1 G232 Q23 Q24

G31 Q32 Qa33 Q34

A back projection formula can be derived by expanding the above equation, separating

terms, and régrouping. We get,

x U
= B_l (&332 + }.) —Z
Y v Qa3

where

. ai1 — a;v Qig — Gz2U
B = 1 3

21 — @31V Q22 — A3V |
- Using this equation we can compute all points on a focal plane for a given height (z value)
of the plane. Furthermore, the inclusion of the fozwa;rd projection tezms insure the backpro— ~

jection is performed with the same perspective geometry used to create the projection.

These equations are indirectly implemented in TACT, which is described in the following

- geometric algorithm.

1. Construct a fiducial model consisting of four coplanar but not colliziear’points. Fre- |
quently, it is convenient for these points to be arranged as square. The plane containing
these four points is parallel to the detector array in what we call the canonical config-
uration. Next, two more model points are added such that they are not in the plane

containing the the four model points in the canonical configuration. These additional




two points are constrained such that they determine a line that is parallel to the plane
containing the square cited above. The model can be rigidly moved from its canonical
configuration as long as the fiducial points project onto the detector array and that

the projections of the tép two points do not coincide.

2. Create as many projections as desired, where each projection results from reorienting

the model

3. For each projection

(a) Identify the projections of the four fiducials that lie on a plane parallel to the

detector array when the model is in its canonical configuration.

(b) Determine the components of a 2D warping transformation that maps the four -

projected points into the location of the corresponding points in the model in its

canonical configuration.

(c) Apply this warping transformation to all pixels in the projection image, creating ‘
~ a warped projection.
(d) Identify the additional two points that do not lie in the plane of the other four

points in the canonical model and associate these points with their corresponding

model points in the warped projection.

(e) Create two lines that emanate from the two projected points in the warped image
and pass through their ‘cerresp'cnding fiducial point in the model in its canonical

configuration.

(f) Compute the point of intersection of these two lines. This point represents the

location of the x-ray source to create the warpéd projection from the model in

its canonical configuration. This perspective projection is exactly the same as the




perspet:tive projection that created the original projection from the reoriented

model.

(g) Use the components of the computed perspectivé transformation in the back pro-
jection equation detailed above and compute focal planes through the imaged

volume.

4. Combine the individual volumes computed for each projection using an average, sum,

minimum, maximum, median, or any other weighting scheme for generating a single

value from multiple estimates [14].

" Test Cases

To defnonstrate the validity of our method we created a high resolution, simulated, phan-
tom of a patients head within a stereotactic or N-bar frame. These fraines are used in a
neurosurgical setting to accm'atély dei:erminé a biopsy trajectory sz retrieving cranial lesion
‘samples.’TypicaHy, neurosurgical scans have a high in-plane resolution and a comparatiﬁ*ely ‘
~ low through-plane resolution. Ratios of distances between veftical and diagonal rods in cross- |
sectional images provides three points that lie on the plane, regardless of whether the plane |
| ié eXa,ctly parallel to the vertical rods. Because of the frames’ iecaiizé.tion reliability, we used |
the frame to assess TACT’s réaonstructien accuracy, by including two simulated tumors in
“the head phantom. We comparé the tumor locations to the simulated and reconstructed

volumes, which is used as an indication of the reconstruction accuracy.

Seven different projections of the simulated volume were made from different projection
‘angies and different x-ray source-to-detector array distances. A tomosynthetic volume was
then reconstructed using the algorithm described above by summing individual voxel values

computed for each projection. The simuiated data set contained 128 different slices, where

each slice was 128 X 128 pixels. The volume was isometrically generated at a resolution of




1mm/ pixel. Figures 3 a, b, and c respectively show a volume rendering of the simulated data
set and two cross-sectional slices depicting two simulated tumors within the brain. These
préjections were made with the stereotactic frame perpendicular to the detector array, and

the k—ray éeurce occupied different locations as shown in Figure 4a and enumerated in 4b.

In these experiments, we rema§ed the error associated with locating the fiducials in each
projectioh image by numerically adding the fiducial locations to the simulated volume and
analytically projecting the fiducials onto the detector array. The detector array was square
with 512 pixels on a side. The resolution was 1mm/pixel in both orthogonal directions within
the array. This configuration insured that all fiducial points were projected onto the detector
array, and all could be interactively identified as required by clinical applications of the

reconstruction algorithm described above.

The imaging geometry for each projection was then computed using this algorithm, and the
projection was back—projectéd through this geometry creating seven different 3D volumes.
The back—projected volumes then were combined into a composite volume by summing the

values at each voxel location.

We also reconstructed a tomosynthetic volume from the same seven projections using a
 standard tomosynthesis reconstruction algorithm (shift and add) that assumes a fixed, par-
allel projection, imaging geometry. We compared this tomosynthetically created volufne to

the volume created using the less-constrained TACT reconstruction algorithm.
3 Results

The back-projected volumes for the three projections shown in Figure 5 are displayed in
Figure 6. It is clear that the projection image was perspectively back-projected across the

reconstruction volume. All seven of the back-projected volumes were combined into a single




composite volume by adding the voxel value for each location within the volume. Figure 7

- shows three focal planes reconstructed at different depths within the volume.

We quantified the accﬁra,c_y of the TACT reconstruction by measuring the ratios of the

 distance from the center of a vertical rod in the stereotactic frame to the center of a diagonal

rod. F‘igure 8 shows a view of a cross-sectional plane passing through the center of the tumor
shown in Figure 3c and the stereotactic frame. Each rod in the figure is assigned a number
from 1 to 7, and the coordinatfes of the rod center are also shown. The table in Figure 8

Shows the distance between adjacent frame rods as the number of pixels between rod centers.

The ratio of the dlstance between rod 1 and 2 to rod 2 and 3 is 132 130 = 2.6. Likewise, the
ratm of the dista.nce between rods 3, 4, and 5 is: —15—83 = 2.77, and the ratio of distances

between rods 5, 6, and 7 is: @ = 2.85. These values are shown in Table 1 along with the

- corresponding measures for the same slice in the reconstructed volume. We made similar

tables for a slice passing thmugh the tumor located at the top of the head, where the results

are shown in Table 2.
Standard Tomosynthetic Reconstruction Algorithm

Figure 9 shows three slices of the reconstructed volume generated with a standard tomosyn-
thesis reconstruction algorithm. The blurring in this figure is so severe that it made tube

center identification impossible and therefore this reconstructed volume was not quantified.
4 Discussion

With only seven projection x-ray images of the simulated head phantom, TACT successfully
reconstructed a volume that clearly depicts both the lower and upper tumors as shown in
Figure 7 a and b. Furthermore, using the simulated stereotactic frame as a basis for objective

measurement, we found that the geometry within the TACT reconstruction is preserved.




The reconstructed volume contains some blurring, but it is significantly less than that of the
control produced using a standard tomosynthesis reconstruction method. The reason TACT
provides a clearer reconstruction is that we "undo” the perspective distortion ini}roduceé
~ when acquiring projection images. The projectioﬁs simulated in this invesﬁigation had a
significant amount of perspective distortion caused by positioning the x-ray source relatively
 close to the object. In fact, the source position varied from 20 cm away from the center
of the object to 47.5 cm while the distance from the object center to the detector array
remainéd constant at 10 cm. Removing the perspective, preserves the geometry of the object

and allows elements to be scaled correctly thus reinforcing each other through more precise

superposition.

 The geometric interpretation iequires determining the intersection of two 3D lines. In gen-
~ eral these lines may not intersect so we compute the midpoint of a line that is mutually
- perpendicular to both lines. That is, the line segment representing the minimum distance
- between thé two lines. The computed point then corresponds to the location of the source

to generate the warped projection image.

CAll seﬁren th the back—i;m jected volumes were combined into a single composite volume
by a&ding the voxel value for éach location within the volume. Figure 7 shows three focal |
planes recoﬁstructéd at different depths within the volume. Although we have shown volume
rendered results, this may not be the best way to visuaiizev tomosynthetic reconstructions.
Figure 6 clearly shows blﬁrring caused by the stereotactic frame. The reconstructed values of
“the rods closely correspond to those associated Witﬁ the simulated fzead. Therefore, we could
not find a suitable gray value mapping that rendered the frame transparent while making the

head opaque. We found sequentially scanning through the slices a more useful visualization

technique for this data set.




5 Summary and Conclusions

: This paper provides a rigorous mathematical description of TACT. A schematic geometrical
Simuiation was ﬁseé to produce a rélatively uncenstrainéd represeﬁative projection model.
- Results thained from this model were used to compare reconstruction accuracy produced
’using the TACT reconstruction scheme with that obtainable from conventional (uncorrected)
tomosynthesis. The simulation results confirm the mathematical theory underlying this pa-
per by demonstzéting that TACT reconstructions were more accurate than those produced
tdmcsyntheticaﬂy. Alternatiirely stated, conventional tomosynthesis produces scaling errors
'thdt’ degrade reconstruction accuracy compared to that obtained using TACT unless the

underlying projection geometry is truly affine or some sort of additional projection or mag-

nification correction scheme is applied.
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rod | rod | distance ratio rod | rod | distance ratio
1] 2 130 | B =26 1] 2 66 | £=275
2 | 3| 50 23| 24 |
3 4 133 —1,%3 =2.77 3 4 | 76 -%:;'— =291
4 5 48 4 5 23
5 6 134 32% =2.85 5 6 66 g—i— =2.75
6 7 24 6 7 24
a b

Table 1. Pixel distances between different rods of the stereotactic or N-bar frame for (a) the

simulated volume, (b) the TACT reconstructed volume.




rod | rod | distance ratio rod | rod | distance ratio
1] 2 37 | & =070 1|2 74 | =070
2 3 ’ 53 . 2 3 105
3 4 37 -‘;—;; =0.70 3 4 ﬁ 73 -13{}% =0.68
4 5 53 4 5 108
5|6 37 | & =070 56| 7 |4=070
6 7 53 6 7 104
a b

Table 2. Pixel distances between different rods in the stereotactic or N-bar frame for a slice
passing through the tumor near the top of the head. The table on the left (a) indicates the
pixel distances and ratios of the simulated volume, while the table on the right (b) shows

pixel distances for the reconstructed volume.




C
Fig. 1. Imaging geometry for a) Circular Tomosynthesis, b} TACT, and ¢) CT. Circular

tomosynthesis and TACT have approximately the same imaging aperature, while CT has

an infinite aperature.
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Fig. 2. Perspective projection imaging geometry for a simple cube model.




Fig. 3. Volume rendering (a) and cross-sectional images (b and c) of a simulated head
including two tumors. The simulated head phantom is located inside a simulated stereotactic

-or N-bar kﬁame, which is used {0 demonstrate the accuracy of our reconstrucied volume.
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projection | Rx | Ry | distance
1 -30 | 10 310
2 25 | 20 240
3 -10 | 30 325
4 10 | 10 475
5 20 |-20 200
6 0 |-30 400
7 25 |-15 300
b

Fig. 4. Angular displacements from perpendicular to the detector array of (a) the x-ray
source and (b) tabulation for each of the seven projections. Both axes of the grid are in
degrees measured from the’z—axis. Rx corresponds to a rotation about the x-axis and is
represented by the vertical axis. Ry corresponds to é, rotation about the y-axis and is repre-
sented by the horizontal axis. The distance in the table is measured in mm from the center

of the imaged object to the x-ray source.




C
Fig. 5. Three of the seven projections of the simulated head phantom for a) projection 3, b)

» projection 4, ¢) projection 5.




Fig. 6. Three of the seven back-projected volumes of the simulated head phantom, where '
‘the x-ray source was rotated a) projection 3, b) projection 4, ¢) projection 5. This figure is

included to demonstrate the nature of perspective backprojection algorithm.




Fig. 7. Three focal planes at different depths throughout the reconstructed volume. a) is a
focal plane through the tumor in the lower left of the image, b) is a focal plane through the
tumor at the top of the head, and ¢) is the same focal plane as in a, but with the contrast

adjusted to highlight the positions of the stereotactic frame and the bright spot in the center

of the tumor.
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Fig. 8. An overview of the rod locations in the simulated volume and a table of distances in

pixels between adjacent rod centers.
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Fig. 9. Focal planes through the volume of a tomosynthetic volume reconstructed using a
standard tomosynthesis algorithm, where a) is a slice near the lower tumor, b) is a slice

through the center, and ¢} is a slice through the tumor in the top of the head.




